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ABSTRACT 


To  obtain  comparative  fatigue  test  data  on  three  sheet  materials  selected 
for  possible  use  on  supersonic  transports,  a  multi-phase  program  of  tests  was 
carried  out  using  specimens  of  duplex-annealed  8-1-1  titanium,  PH14-8  Mo  (SRH 
IO5O)  stainless  steel  and  Inco  718  alloy  in  the  20  percent  cold  rolled  and  aged 
condition.  Unnotched,  center-notched,  fusion-welded  and  spotwelded  specimens 
were  used. 

Constant  load  amplitude  (S-N)  fatigue  tests  were  conducted  at  room  temper¬ 
ature,  400  and  650°F  on  specimens  having  no  prior  exposure  and  on  specimens 
with  prior  exposure  to  a  constant  load  at  4 00  or  650°F  for  100,  1000  or  5000 
hours.  An  evaluation  was  also  made  of  the  effect  of  applying  contaminants  dur¬ 
ing  S-N  testing  at  550  and  650°F  to  specimens  having  no  prior  exposure  and  to 
specimens  exposed  to  load  and  contaminant  at  550°F  for  1000  hours. 

In  addition  to  the  constant  load  amplitude  fatigue  tests,  variable  ampli¬ 
tude  loadings  and  cyclic  temperatures  selected  to  conservatively  represent  ser¬ 
vice  conditions  in  the  wing  root  region  of  a  supersonic  transport  were  applied 
in  flight-by-flight  sequences.  For  one  group  of  such  tests,  a  representative 
time  of  approximately  one  hour  at  temperature  during  each  "flight"  was  chosen. 
For  a  second  group,  the  time  at  temperature  was  minimized  A  limited  addit¬ 
ional  investigation  of  the  effects  of  contuminants  was  carried  out  in  these 
flight-by-flight  ten  ts . 

Tests  were  also  conducted  to  evaluate  the  effects  of  the  cycle  of  heat¬ 
ing  and  pressurization  loading  that  occurs  in  fuselage  skins  once  during  each 
flight.  These  tests  were  performed  on  specimens  having  no  prior  exposure  and 
on  specimens  exposed  to  load  at  65O  F  for  5000  hours. 
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SECTION  1 


INTRODUCTION 


To  attain  the  levels  of  safety,  reliability,  and  economical  performance 
essential  in  a  successful  commercial  supersonic  transport  (SST),  the  design  of 
the  airframe  structure  must  reflect  realistic  evaluations  of  the  fatigue  char¬ 
acteristics  of  the  candidate  structural!  materials..  These  evaluations  are  dis¬ 
tinguished  from  those  made  for  subsonic  transports  by  the  addition  of 
temperature-time  effects  to  the  list  of  variables  to  be  considered* 

In  the  design  of  subsonic  transports  for  long  service  lives,  the  selection 
of  materials  and  the  evaluation  of  processes  have  been  guided  by  (ionrparisons  of 
data  obtained  at  normal  temperatures  using  constant  load  amplitude  test  condi¬ 
tions.  For  the  evaluation  of  the  potential  service  life  of  a  material  as  used 
in  airframes,  however service  experience  and  a  growing  fund  of  test  data  dem¬ 
onstrate  the  need  for  more  complex  tests*  This  need  stems  from  the  baBic  non¬ 
linearity  in  the  growth  of  fatigue  damage  which  markedly  reduces  the 
reliability  of  calculating  the  effects  of  complex  time  histories  of  loadings. 

(  Direct  integrations  of  the  effects  of  complex  service  conditions  must  be  ob¬ 

tained  in  tests.  The  results  of  such  tests  provide  the  best  guides  to  the 
selection  of  fatigue  design  parameters  which  can  be  obtained  prior  to  actual 
service. 

In  tie  design  of  supersonic  transports,  the  difficulties  and  uncertainties 
in  the  handling  of  the  fatigue  problem  are  compounded  by  the  introduction  of 
the  effects  of  elevated  temperatures.  Thermal  gradients  produce  complex  addi¬ 
tions  to  the  operating  stress  histories.  Prolonged  exposure  to  elevated  tem¬ 
peratures  may  degrade  the  materials  used  and  increase  their  susceptibility  to 
the  effects  of  contaminants.  Test  evaluations  of  these  temperature  effects 
must  be  obtained  to  guide  the  selection  of  SST  materials  and  processes  to  en¬ 
sure  adequate  service  life. 

To  obtain  such  data,  fatigue  tests  were  performed  using  unnotched, 
notched,  and  welded  specimens  made  from  one  steel,  one  titanium,  and  one  nickel 
base  alloy.  S-N  data  were  obtained  on  specimens  having  no  prior  exposure  and 
on  specimens  exposed  before  testing  to  stress  at  elevated  temperature  for 
periods  up  to  5,000  hours.  The  additional  effects  of  applying  contaminants 
during  the  S-N  tests  were  evaluated  on  unexposed  specimens  and  on  specimens 
exposed  to  contaminants  while  under  stress  at  elevated  temperature  for  a 
period  of  1,000  hours. 

In  addition  to  these  relatively  simple  constant  load  amplitude  tests, 
loading  spectra  and  thermal  cycles  selected  to  conservatively  represent  the 
I  service  conditions  on  the  wing  surface  of  a  supersonic  transport  were  applied 

in  flight-by-flight  sequences.  In  one  Bet  of  these  variable  load  amplitude 
tests,  the  time  spent  at  temperature  during  each  "flight"  was  the  average  time 
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at  temperature  expected  during  service.  Since  this  average  time  at  temperature 
during  each  "flight"  is  approximately  one  hour,'  these  tests  will  cover  a  long 
period  of  time.  In  a  second  set  of  tests,  the  same  loading  and  thermal-stress  - 
magnitudes  and  sequences  were  employed  with  the  time  at  temperature  minimized 
during  each  "flight".  Base  line  flight-by-flight  test  data  were  also  obtained 
from  tests  run  at  room  temperature  and  at  constant  elevated  temperature  using 
the  same  loading  magnitudes  and  sequences.  .Comparisons  of  the  results  from 
these  sets  of  tests  provide  indications  of  the  effects  of  shorthand  long-term 
Intermittent  exposure  to  elevated  temperature,  the  effect  of  thermal  cycling 
and  the  effect  of  loading  at  elevated  temperature. 

To  provide  an  indication  of  the  effect  of  the  quite  different  loading  se¬ 
quences  in  fuselage  structure,  tests  were  carried  out  during  which  repeated 
cycles  of  combined  loading  and  heating  were  applied  to  simulate  the  pressuriza* 
tion  and  aerodynamic  heating  cycle  which  occurs  at  least  once  each  flight, 

Finally,  static  tensile  tests  were  performed  to  obtain  data  on  the  effects 
of  prior  exx'Os”T’a  to  load  and  temperature  on  .static  tensile  properties. 

The  scope  of  the  test  program  is  indicated  by  the  detailed  listing  in 
Tables  1-4  of  the  test  conditions  and  the  number  of  specimens  tested. 
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•  SECTION  2 
SUMMARY 


An  extensive,  comparative  evaluation  of  the  fatigue  properties  of  8-1-1 
duplex-annealed  titanium,  PKUu8Mo  (SRH  1050)  and  Inco  718  cold  rolled  20 
percent  and  aged  was  carried  out  using  unnotched,  center-notched  and  welded  i 
sheet  specimens.  A  total  of  approximately  5300  tests  axe  reported. 

Data  were  obtained  in  conventional  constant  load  amplitude  tests  and 
also  in  tests  in  which  variable  amplitude  loadings  were  applied  in  flight-by¬ 
flight  sequences.  These  tests  showed  marked  superiority  of  the  8-1-1  titanium 
material  for  supersonic  transport  airframe  applications. 

The  largest  body  of  data  was  obtained  in  the  constant  load  amplitude 
tests.  The  intent  in  these  tests  was  the  evaluation  of  the  materials  on 
the  basis  of  the  indicated  effects  of  prior  exposure  to  load  at  elevated 
temperature.  S-N  curves  were  defined  for  constant  values  of  stress  ratio,  R, 
(minimum/maximum )  of  0.1  and  -0.5  at  room  temperature,  b00°F  and  650°F  for 
specimens  without  prior  exposure  and  also  for  specimens  with  prior  exposures 
under  constant  load  at  temperatures  of  100°F  or  650°F  for  periods  of  100,  1000 
or  5000  hows.  The  number  of  combinations  of  material,  specimen  geometry, 
test  temperature,  exposure  temperature  and  exposure  time  was  therefore  very 
large.  This  fact  together  with  mb,,xed  non-uniformity  in  trends  displayed 
by  the  data  posed  difficult  evaluation  problems. 

For  evaluation,  the  S-N  curves  for  constant  values  of  R  were  first 
grouped  by  materiel,  specimen  geometry  and  test  temperature  and  are  presented 
in  Appendix  VI  of  this  volume  of  the  report  for  possible  comparison  with 
similarly  defined  data  for  other  materials.  This  form  of  presentation  does 
not,  however,  lend  itself  to  the  most  direct  use  in  airframe  material  selections 
To  provide  more  directly  applicable  data  for  design  situations  in  which  con¬ 
stant  values  of  mean  stress  are  important  parameters,  the  S-N  curves  for 
constant  values  of  R  were  used  to  construct  S-N  diagrams  from  which  S-N  curves 
for  representative  values  of  mean  stress  were  derived.  These  curves  were  then 
grouped  by  material,  specimen  geometry  and  test  temperature.  These  groupings 
of  curves  are  presented  in  Appendix  VII.  An  examination  of  the  highly  variable 
trends  shown  by  these  groupings  led  to  a  further  summarization  of  the  data. 

This  summarization,  which  is  presented  and  discussed  in  Section  5  of  the 
report,  shows  for  each  material-specimen  geometry  combination  the  percentage 
changes  in  varying  stress  for  preselected  values  of  test  life  as  functions  of 
exposure  temperature,  exposure  time  and  test  temperature.  The  plots  of  data 
in  this  form  show  highly  non-uniform  trends  which  may  indicate  changes  in  the 
stability  of  the  materials.  However,  a  rating  of  the  materials  on  the  basis 
of  their  indicated  stability  would  be  premature.  For  each  material,  the  data 
are  based  on  a  relatively  3moll  number  of  specimens  taken  from  sheets 
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of  a  single  thickness  produced- fronr  a  singleheat  and  tested  in  a  type  of 
test  which  ordinarily  produces  large  scatter  in  test  data. 

The  most  Lnformative  comparison  of  the  materials  provided  "by  the  S-N 
data  is  believed  to  be  one  based  on  envelopes  of  the  constant  mean  stress 
curves  for  all  exposure  and  test  conditions  expressed  in  terms  of  varying 
stress  divided  by  material  density.  Such  envelopes  are  presented  in  Figures 
1  through  9.  An  examination  of  these  figures  leads  to  the  conclusion  that, 
for  the  range  of  specimen  exposure  and  test  conditions  covered'  in  these  tests, 
the  8-1-1  duplex- annealed  titanium  specimens  showed  marked  superiority  for 
supersonic  transport  airframe  applications  over  the  other  materials  tested. 

The  ratings  of  the  material- specimen  geometry  combinations  based  on  the  figures 
are  presented  in  Table  5,  Page  27. 

To  supplement  the  fatigue  test  evaluations  of  the  materials,  static 
tensile  tests  of  plain  and  fusion-welded  specimens  were  made  for  the 
same  set  of  exposure  conditions  and  test  temperatures.  The  envelopes  of  the  • 
data  are  presented  in  Figures  10  through  13.  These  envelopes  indicate  that 
stressed  exposure  had  the  largest  effect  oii  the  static  strength  properties 
of  PHl4-8Mo  specimens  and  the  least  effect  on  those  of  Inco  Jl8.  In  general, 
the  effects  of  exposure  on  static  Btrength  properties  do  not  correlate  with 
the  effects  on  fatigue  test  data. 

Based  on  the  lower  boundaries  of  the  envelopes,  the  ultimate  strength 
to  density  ratios  for  both  plain  and  fusion-welded  specimens  and  the 
elongations  of  the  plain  specimens  rate  the  materials  for  all  test 
temperatures  in  the  order,  8-1-1  titanium,  PHl4-8Mo  and  Inco  718.  On  the 
basis  of  the  yield  strength  to  density  ratio  for  plain  specimens  tested 
at  room  temperature  the  rating  is  the  seme .  However,  for  tests  at  650°F 
these  ratings  would  be  reversed;  and  for  tests  at  400ftF  the  rating  is  PHl4-fiMo, 
8-1-1  titanium  and  Inco  718. 

Additional  comparative  evaluations  of  the  materials  were  provided  by 
tests  in  which  direct  integrations  of  the  effects  of  flight-by -flight  sequences 
of  loading  are  made  by  the  test  specimens.  Exploratory  tests  were  carried 
out  at  room  temperature  and  at  a  constant  temperature  of  550°F  before  testing 
with  thermal  cycles  was  undertaken.  The  thermal  cycles  were  applied  in 
minimum  times  with  a  maximum  temperature  of  5508F.  In  these  tests  the  mag¬ 
nitudes  and  sequences  of  loading  were  conservatively  tailored  to  these 
anticipated  at  a  beam  cap  in  the  wing  root  region  of  a  supersonic  transport. 

The  results  obtained  for  center-notched  specimens  and  specimens  with  single 
spotwelds  are  presented  graphically  in  Figures  l4  and  15.  The  data  for 
center-notched  specimens  lead  to  the  simpler,  more  clearly  defined,  rating  of 
8-1-1  titanium,  Inco  7^8  and  FHl4-8Mo  in  that  order.  For  specimens  with  single 
spotwelds,  the  data  show  that,  in  8-1-1  titanium,  shorter  test  lives  were 
obtained  than  those  for  center-notched  specimens.  The  data  for  the  single 
spotweld  specimens  in  both  of  the  other  materials  show  much  longer  test  lives 
than  those  for  the  notched  specimens.  In  a  few  preliminary  tests  of  fusion 
welded  specimens,  the  data  for  all  materials  in  this  type  of  test  indicate 
very  long  potential  service  lives . 

The  tests  with  flight -by- flight  sequences  of  loadings  and  thermal  cycles 
supply  in  relatively  short  test  times  the  most  directly  applicable  rating  of 
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materials  for  an  important  class  of  applications  in  airframes.  However,  such 
tests  cannot  reflect  the  possible  effects  of  long-term  intermittent  exposure 


to  elevated- temperature  acting  in  conjunction  with  flight-by-flight  sequences 
of  loading!.  To  provide  data  on  this  aspect  of  the  fatigue  evaluation  of  the 
test  materials,  tests  have  been  started  in  which  the ~ specimens  _are  exposed 
to  500 °F  for  approximately  one  hour  during  the  cruise  phase  of  each  test 
"flight."  In  these  tests  the  loading  magnitudes  and  sequences  are  the  same 
as  those  used  in  the  tests  described  above  in  which  the  thermal  cycle  was 
applied  in  the  minimum  practical,  time.  These  "real  time"  tests  will  provide 
a  more  informative  evaluation  of  material  stability  than  can  be  provided 
by  S-N  type  testing  after  exposure  to  constant  load  and  temperature. 

Continuation  of  these  long-term  tests  beyond  the  period  of  the  current 
program  has  been  proposed. 

To  provide  data  on  the  effects  of  quite  different  loading  sequences  ■' 
occurring  in  airframes,  specimens  were  subjected  to  simultaneous  application 
of  loading  and  heating  cycles  to  simulate  the  effect  in  fuselage  skins  of 
the  cycle  of  pressurization  loading  and  aerodynamic  heating  which  occurs  each 
flight.  Specimens  without  prior  exposure  and  specimens  with  prior  exposure 
to  moderate  load  for  5000  hours  at  650®F  were  tested.  Comparisons  of  the 
data  with  S-N  data  obtained  at  constant  temperature  indicate  that  Buch  S-N 
data  can  he  used  to  conservatively  predict  the  test  lives  in  the  more  complex 
tests.  The  rating  of  the  materials  for  these  tests  is  therefore  the  same  as 
the  rating  presented  on  the  bets  is  of  S-N  data. 

The  teats  which  have  been  described  provide  ratings  of  the  materials 
when  they  are  tested  without  contaminants.  To  explore  the  effects  of  con¬ 
taminants,  intermittent  application  of  synthetic  sea  water,  MIL-O-7277  mineral 
oil  or  Versilube  F-50  was  made  at  room  temperature  during  constant  load 
amplitude  testing  of  specimens  without  prior  exposure  and  also  of  specimens 
given  intermittent  applications  of  the  contaminants  during  1000  hour  exposure 
at  550°F.  The  test  results  indicated  that  these  exposures  had  no  significant 
consistent  effect  when  compared  with  the  constant  load  amplitude  test  lives 
for  specimens  not  exposed  to  contaminants.  However,  in  a  limited  series  of 
teats  In  which  contaminants  were  intermittently  applied  during  the  applica¬ 
tion  of  flight-by-flight  loading  sequences  at  a  constant  temperature  of  550°F# 
more  clearly  defined  effects  we re  obtained.  In  these  tests,  the  mineral  oil 
was  applied  to  center-notched  specimens  of  each  material  and  salt  water  was 
applied  to  center-notched  8-1-1  titanium  specimens.  The  application  of  the 
mineral  oil  reduced  the  test  lives  of  the  center-notched  specimens  of  Inco 
718  and  PHl4-8Mo  by  32  and  17  percent,  respectively.  The  application  of  the 
synthetic  Bea  water  and  the  mineral  oil  had  no  effect  on  the  test  lives  for 
center-notched  specimens  of  8-1-1  titanium.  The  test  lives  are  shown  in 
Figure  14. 

In  static  tensile  tests  at  650°F  of  plain  specimens  after  the  1000 
hour  exposure  to  contaminants  at  550°F,  small  effects  were  produced  by  the 
contaminants.  The  data  for  specimens  tested  with  and  without  contaminant 
exposure  are  presented  in  Figure  16. 
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...  -  ..  .  a 

—  Metallographic  examination  at  200X  of  selected  test  specimens  used  in 

the  program  indicated  that  none  of  the  test  or  exposure  conditions  including 
— — those  with  contaminants  had  produced  evidence  of  surface  corrosion,  inter¬ 
granular  attack  or  subsurface  cracking. 

In  addition,  relatively  crude  measurements  of  creep  elongations  on 
unnotched,  rectangular  specimens  after  exposure  under  moderate  load  for  5000 
hours  at  4006F  or  650°F  were  made.  The  measurements  showed  essentially  zero 
creep  for  the  8-111  titanium  and  Inco  718  specimens  and  very  small  values  for 
the  PHl4-8Mo  specimens. 

Comparisons  of  the  S-N  data  obtained  in  this  program  with  data  reported 
by  Boeing-North  American  under  contract  AF33(657)-ll46l  showed  that  shorter 
test  lives  were  obtained  for  the  transverse,  unnotched  specimens  used  in  this 
program  than  those  for  the  longitudinal  specimens  tested  by  Boe ing -North 
American.  The  agreement  between  the  two  sets  of  S-N  data  for  fuaion  welded 
specimens  is  considered  to  be  good.  A  comparison  between  similar  sets  of 
static  test  data  for  plain  and  fusion-welded  specimens  was  also  in  good 
agreement . 
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Figure  1.  Comparison  of  S-N  Curves  at  Room  Temperature,  Center-Notched  Specimens,  ^ 
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Figure  2.  Comparison  of  S-N  Curves  at  400°F,  Center— Notched  Specimens, 
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Figure  3.  Comparison  of  5-N  Curves  at  650^ F,  Center-Notched  Specimens, 
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Figure  5.  Comparison  of  S-N  Curves  at  400°F/  Unnotched  Specimens,  f 


Figure  6.  Comparison  of  S—N  Curves  at  650^ Fr  Unnotched  Specimens,  f. 
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CYCLES  TO  FAILURE 

Figure  9.  Comparison  of  S-N  Curves  at  650° F,  FusIon-WeJded  Specimens,  f 


INCLUDES  NO  SOAK  AND 
PRIOR  SOAK  UNDER  STRESS 
AT  400  OR  650° F  FOR  100, 
1000,  AND  5000  HR 


P  =  .277  LB/IN.3 


TEST  TEMPERATURE  0  F 

Figure  10.  Ultimate  Tensile  Strength  to  Density  Ratio  versus  Test  Temperature, 

Plain  Specimens 


1000 


ENVELOPES  OF  MINIMUM 
VALUES  FOR  ALL  SOAK 
CONDITIONS 

TRANSVERSE  GRAIN 


INCLUDES  NO  SOAK  AND 
PRIOR  SOAK  UNDER  STRESS 
AT  400  OR  650°  F  FOR  100, 
1000,  AND  5000  HR 


8-1-1  TITANIUM  DUPLEX-ANNEALED  - 
faxp  =  25ksl  P  =  .158  LB/lN. 


- -  PHI4-8Mo  (SRH  1050) 

Ln  =  40  kst 
exp 


P  =  .277  LB/\N.3 

INCO  718.  COLD  ROLLED,  AGED  AT  1275°F, 
fwn  =  40  ksl  P  =  .297  LB/1N.J 


300  400 

TEST  TEMPERATURE  0  F 


500 


600 


Figure  11.  Yield  Strength  to  Density  Ratio  versus  Test  Temperature,  Plain  Specimens 
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Figure  12.  Elongation  versus  Test  Temperature,  Plain  Specimens 


TEST  TEMPERATURE  F 

Figure  13.  Ultimate  Tensile  Strength  to  Density  Ratio  versus  Test  Temperature, 

Fusion-Welded  Specimens 
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STRESS 


A.  Test  at  R. T.,  No  Prior  Soak  -  No  Contaminant 
B  .  Test  at  650°  F,  No  Prior  Soak  -  No  Contaminant 

C.  Test  at  650°F,  Prior  Soak  at  f  and  650° F  for  1000  hr  -  No  Contaminant 

exp 

D.  Test  at  650°F,  Prior  Soak  with  f^  and  Salt  Water  at  550°F  for  1000  hr 

E  .  Test  at  650° F,  Prior  Soak  with  f  and  MIL-0-7277  Oil  at  550° F  for  1000  hr 

'  exp 

F  ,  Test  at  650°F,  Prior  Soak  with  f  and  Versilube  F'-S0  at  550°F  for  1000  hr 
•  exp 

fexp=  25,000  psi  for  Titanium  and  40,000  psi  for  Steel  and  Nickel 


Figure  16.  Effects  of  Prior  Soak  with  Contaminants  on  Static  Tensile  Properties 
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%  ELONGATION  IN  2  INCH  GAGE 


fABLE  5  RATING  OF  MATERIALS  BASED  ON  S-N  DATA 


RATING 


HIGH  STRESS^ 
LOW  CYCLE 
RANGE 


LOW  STRESSp) 
HIGH  CYCLE 
RANGE 


TYPE  OF  SPECIMEN 

CENTER 

NOTCHED 

UNNOTCHED 

FUSION-WELDED 
&  PLANISHED 

8-1-1  TITANIUM 

INC0  718 

PH  14-8Mo 

8-1-1  TITANIUM 

INCO  718 

PH  14-8Mo 

8-1-1  TITANIUM 

PH  14-8  Mo 

INCO  718 

8-1-1  TITANIUM 

PH  14-8  Mo 

INCO  718 

8-1-1  TITANIUM 

PH  14-8  Mo 

INCO  718 

8-1-1  TITANIUM 

PH  14-8  Mo 

INCO  718 

(1)  N««  2  x  105  CYCLES 

(2)  N>s2x  105  CYCLES 
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SECTION  3 


MATERIALS 


The  sheet  materials  selected  for  evaluation  and  the  quantities  received 
are  shown  below. 


MATERIAL 

CONDITION 

AS  RECEIVED 

SHEET  SIZE 

NO.  OF 
SHEETS 

HEAT 

NUMBER 

8-1-1  Titanium 

Dup. 'Annealed 

.050  x  38  x  96 

10 

D  4539 

PHl4-8Mo  Steel 

Sol. -Annealed 

.025  x  44  x  y 6 

8 

33347 

INCO  718 

20f0  Cold  Rolled 

.025  x  24  x  72 

20 

6905-EV 

The  available  data  on  the  processing  of  the  materials  before  delivery 
are  presented  in  Table  6. 

To  provide  a  preliminary  evaluation  of  these  materials,  static  tensile 
tests  were  made  shortly  after  the  sheets  of  materials  were  received.  In 
these  tests,  one  longitudinal  and  one  transverse  plain  tensile  test  specimen 
was  cut  from  each  sheet,  heat  treated  if  required,  and  tested  at  room  temper¬ 
ature.  The  material  properties  obtained  during  these  testB  are  reported  in 
Volume  II.  Adequate  material  quality  was  demonstrated  in  these  tests  as 
shown  below  by  the  average  values  of  the  static  strength  properties. 


NO.  OF 
SPECIMENS 

LONGITUDINAL  GRAIN  1 

TRANSVERSE  GRAIN  S 

P 

MATERIAL 

F, 

tu 

(ksi) 

F 

ty 

(ksi) 

e* 

F. 

tu 

(ksi) 

F, 

(ksi) 

e* 

lb/inj 

8-1-1 

Titanium 

10 

147.2 

135.6 

14.4 

149.4 

135.7 

14.9 

.158 

PKL4-8MO 

Steel 

8 

203.6 

184.8 

6.2 

209.0 

191.2 

5-0 

.277 

INCO  718 

20 

222.0 

Q 

d_vy^7  •  O 

9.2 

219.9 

2o4“3^ 

8.3 

.297 

*  Elongation  in  2  inches 
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HECEHIQUES  REPORTED  BY  MAKUFA 


SECTION  4 


TEST  SPECIMEN  GEOMETKY 


Five  specimen  designs  were  originally  specified.  The  geometries  of  these 
specimens  are  defined  in  Figure  17  .  All  specimens  were  taken  in  the  trans¬ 
verse  grain  direction  with  the  exception  of  one  longitudinal  grained  specimen 
taken  from  each  sheet  and  tested  as  a  part  of  the  material  inspection  proce¬ 
dure.  Specimens  A  and  B  in  the  figure  were  used  for  static  tensile  tests. 
Specimen  B  includes  an  aircraft  quality  butt  fusion  weld  produced  by  the  me¬ 
chanical  tungsten  inert  gas  arc  welding  method.  These  specimens  make  provision 
for  the  use  of  stress-strain  curve  generating  equipment.  Specimen  C  was  used 
extensively  in  the  test  program  to  obtain  fatigue  test  data  for  unnotched  ma¬ 
terial.  Specimen  D  was  employed  in  the  fatigue  test  evaluation  of  fusion 
welded  specimens.  These  four  specimens  required  the  matching  of  contoured 
edges  to  produce  a  test  section  having  substantially  smaller  cross-sectional 
area  than  the  ends  of  the  specimens  to  ensrire  failure  in  the  test  area.  Speci¬ 
men  E  is  a  center-notched  specimen  with  a  quarter-inch  diameter  hole,  A  simple 
rectangular  shape  was  used  for  this  specimen  since  experience  has  shown  that 
the  severity  of  the  notch  effect  provided  by  the  hole  ensures  fatigue  cracking 
at  the  hole.  The  use  of  a  rectangular  shape  minimizes  the  coBt  of  specimen 
preparation  and  provides  the  smallest  ratio  of  hole  diameter  to  specimen  width. 
This  ratio  produces  the  largest  effective  stress  concentration  factor  for  a 
given  hole  diameter  and  a  moderate  specimen  width.  The  half- inch  holes  in  the 
ends  of  the  specimens  shown  in  Figure  17  were  used  in  the  mounting  of  speci¬ 
mens  in  preconditioning  apparatus. 

During  the  course  of  the  program,  specimens  with  doublers  attached  by 
multiple-  and  single-spotwelds  were  added  in  the  evaluation  of  the  effects  of 
flight-by-fllght  loading  histories.  The  geometrico  used  are  shown  in  Figure  18. 
Since  preconditioning  was  not  required,  holes  were  omitted  at  the  ends  of  these 
specimens. 


The  details  of  the  preparation  of  specimens  are  presented  in  Appjendlx  I, 
the  development  of  fixtures  to  support  the  specimens  under  compressive  loading 
is  described  in  Appendix  II  and  the  development  of  a  method  of  attaching  ther¬ 
mocouples  to  specimens  subjected  to  thermal  cycling  is  described  in  Appendix 


III. 
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STATIC  SPECIMENS  -ASTM  E8-6IT 


FATIGUE  SPECIMENS 


•  wwv# 

SPECIMEN  E  (CENTER-NOTCHED) 
FATIGUE  SPECIMEN 


(1)  -  8-1-1  Titanium  (2)  -  PH  U-8M0  Steel  and  INCO  71 8 

Ftgure  17.  Unnotched,  Fusion -Welded  and  Notched  Test  Specimen* 
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SPECIMEN  F 

MULTIPLE  SPOTWELDED  DOUBLER 


Figure  18.  Test  Specimens  with  Spotwelded  Doubler 
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SECTION  5 

EVALUATION  OF  MATERIALS 


PHASE  I  -  CONSTANT  LOAD  AMPLITUDE  AND  STATIC  TENSIIE  TESTS 

A.  CONSTANT  LOAD  AMPLITUDE  (S-N)  TESTS 

Constant  load,  amplitude  (S-N)  tests  of  specimens  which  had  not  bean  pre¬ 
conditioned  were  carried  out  at  room  temperature,  400°F  and  650°F  at  constant 
stress  ratios,  R  (minimum/maximum  stress)  of  0.1  and  -  0.5*  To  evaluate  the 
effect  of  prior  exposure  to  load  and  temperature,  additional  groups  of  speci¬ 
mens  were  preconditioned  by  steady  stressing  under  axial  load  at  temperature. 

The  nominal  gross  area  tensile  stresses  during  this  preconditioning  were 
40,000  psi  for  the  PHl4-8Mo  and  Inco  718  specimens  and  25,000  psi  for  the  8-1-1 
titanium  specimens. 

Groups  of  specimens  were  preconditioned  for  periods  of  100,  1000  or  5000 
hours  at  temperatures  of  400  or  650°F  in  the  ovens  described  in  Appendix  IV. 

(  The  specimens  were  then  tested  at  the  R  values  defined  above  at  room  tempera¬ 

ture,  400  or  650°F.  The  test  equipment  used  for  these  tests  is  also  described 
in  Appendix  IV. 

The  test  data  are  reported  in  Volume  II  where  they  are  used  to  define  S-N 
curves  for  constant  values  of  R.  To  define  these  curves,  the  test  data  were 
first  plotted  in  terms  of  log  stress  versus  log  cycles  and  straight  lines  were 
fitted  to  the  mean  values  in  the  high  stress-low  cycle  range  of  data  and  also 
in  the  luw  stress-high  cycle  range.  Semi-log  representations  of  these  lines 
were  then  faired  to  produce  the  conventional  S-N  curves. 

A  statistical  analysis  of  the  test  data  was  not  made  because  the  rela¬ 
tively  small  number  of  data  points  for  each  of  the  large  number  of  combinations 
of  test  variables  did  not  permit  the  definition  of  statistically  significant 
results  with  a  reasonable  degree  of  confidence.  A  discussion  of  this  aspect  of 
the  definition  of  S-N  curves  is  presented  in  Appendix  V. 

The  S-N  curves  for  constant  values  of  R  provide  the  most  direct  represent¬ 
ations  of  the  test  data.  Because  of  this,  they  were  grouped  by  material  and 
specimen  geometry  to  show  graphically  the  effects  of  differing  exposure  tem¬ 
peratures  and  times.  This  grouping  which  is  presented  in  Appendix  VI  reduces 
the  number  of  data  plots  from  109  to  54.  However,  uniform  trends  are  not  shown 
for  any  one  set  of  curves.  Under  these  conditions,  detailed  evaluations  of 
test  condition  effects  and  comparisons  of  materials  and  specimen  geometries 
pose  very  real  difficulties.  To  provide  for  a  reduction  in  the  number  of 
(  graphs  to  be  examined  and  to  provide  more  directly  informative  comparisons  for 

use  by  airframe  design  personnel,  curves  were  drawn  for  constant  values  of  mean 
stress. 
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To  provide  a  basis  for  drawing  S-N  curves  for  constant  mean  stresses,  S-N 
diagrams  were  derived  from  the  constant  R  curves.  These  diagrams  are  presented 
in  Volume  XI.  From  these  diagrams,  S-N  curves  for  a  mean  tensile  stress  of 
25,000  psi  were  developed  for  the  8-1-1  titanium  specimens  and  curves  for  a 
mean  tensile  stress  of  40,000  psi  were  developed  for  the  PHl4-8Mo  and  Inco  718 
specimens.  These  mean  stresses  are  approximately  proportional  to  the  material 
strengths  and  are  considered  to  represent  first  approximations  to  design 
steady  flight  stresses  in  SST  wing  root  material  at  maximum  aircraft  weight. 

The  27  groupings  of  such  curves  required  to  show  the  effects  of  test  vari¬ 
ables  on  each  material  and  specimen  geometry  are  presented  in  Appendix  VII. 

Again,  as  in  the  case  of  the  constant  R  curves,  marked  and  non-uniform  varia¬ 
tions  in  the  response  of  the  nine  combinations  of  material  and  specimen 
geometry  to  the  twenty  one  different  combinations  of  test  temperature  and  ex¬ 
posure  conditions  lead  to  undue  difficulty  in  detailed  evaluation  of  the  data 
when  it  is  presented  in  this  form.  For  this  reason,  another  form  of  presenta¬ 
tion  was  selected  for  data  evaluation. 

For  compactness  in  presentation,  the  data  for  each  material- specimen  geom¬ 
etry  combination  are  presented  on  one  graph.  Each  graph  showB  the  percent 
changes  in  eye  vie  stress  for  a  preselected  test  life  as  a  function  of  test  tem¬ 
perature,  prior  exposure  temperature  and  exposure  time.  Since  the  S-N  curves 
for  each  material- specimen  geometry  combination  are  not  parallel,  an  evaluation, 
at  a  single  number  of  cycles  to  failure  could  be  misleading.  For  this  reason, 
data  are  shown  for  test,  lives  of  both  104  and  10?  cycles.  The  net  of  such 
graphs  is  presented  in  Figures  19  through  27. 

In  the  use  of  these  graphs  it  must  be  remembered  that  the  data  represent 
the  results  obtained  with  a  very  Bmall  number  of  specimens  for  each  test  condi¬ 
tion  and  that  the  specimens  for  each  material  represent  one  sheet  thickness 
produced  from  one  heat.  Extrapolation  of  the  data  to  longer  exposure  times  is 
not  warranted. 

With  these  reservations,  an  examination  of  the  graphs  leads  to  the  follow¬ 
ing  comments. 

The  data  for  the  center-notched  8-1-1  titanium  specimens  presented  in  Fig¬ 
ure  19  show  some  increases  in  varying  stress  after  exposure  for  1000  hours 
but  for  all  exposure  and  test  conditions,  the  stresses  at  both  N  =  10**  and 
N  “  10?  cycles  after  exposure  for  5000  hours  are  lower  than  those  for  the  1000 
hour  exposure.  The  largest  changes  are  shown  for  N  »  10?  cycles. 

In  view  of  the  limited  data  and  the  general  difficulty  in  the  definition 
of  stresses  for  107  cycle  life,  the  significance  of  the  trends  must  not  be 
over-emphasized.  For  the  5000  hour  exposure,  the  range  of  stress  changes  at 
N  «  107  for  all  test  conditions  is  ±  22  percent.  This  range  corresponds  to 
stress  changes  of  ±  3000  psi  for  specimens  exposed  at  400°  and  650°F  and  tested 
at  400°F. 

The  data  for  the  unnotched  8-1-1  titanium  specimens  presented  in  Figure  20. 
show  moderate  changes  at  N  **  10**  cycles  with  the  largest  change  of  -22  percent 
being  produced  by  the  5000  hour  exposure  at  650°  in  tests  at  room  temperature. 
At  N  «  107  cycles ,the  trends  at  1000  hours  exposure  generally  change  to  show 
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lower  values  for  5000  hours  exposure.  The  exception  is  shown  by  Specimens  ex¬ 
posed  at  400°F  and  tested  at  room  temperature.  However,  after  5000  hours 
exposure, the  percentage  changes  from  values  for  unexposed  specimens  fall  in  the 

range  of  0  to  -25  percent .  •.  -  - 

ii 

For  the  fusion-welded  and  planished  specimens  of  8-1-1  titanium,  the  data 
in  Figure  21  for.N  =  "10^  cyc3,es  show  moderate  changeB  with  exposure  which  de¬ 
crease  to  negligibly  small  changes  for  5Q°°  hours  exposure.  At  N  =  lO?  cycles, 
the  data  for  5000  hours  exposure  show  a  trend  toward  the  values  for  unexposed 
specimens.  For  the  5000-hour  exposure,  the  percentage  changes  reUnge'  from  +13 
to  -11  percent . 

The  data  for  center-notched  PH14-8Mo,  specimens  presented  in  Figure  22 
shows  slight  changes  in  values  fbr  N  =  Hr  cycles  up  to  1000, hours  exposure, 
followed  by  small  reductions  in  values  for  5000  hours  exposure'  when  tested  at 
elevated  temperatures.  At  N  =  10?  cycles' the  general  trend  is  for  peak  values' 
to  occur  for  1000  hours  exposure,  with  reductions  up  to  35  percent  after  5000 
hour  exposure . 

As  shown  in  Figure  23  ,  the  unnotched  PHl4-8Mo  specimens  showed  very  small 
percentage  changes  at  both  N  -  10^  and  N  =  lo7  cvcIrs  for  all  exposures,  with 
the  exception  of  a  23  percent  decrease  in  tests  at  room  temperature  of  speci¬ 
mens  exposed  for  1000  hours  at  400°F, 

The  fusion-welded  and  planished  specimens  of  PHi4-8Mo  showed  relatively 
consistent  trends  with  slight  increases  of  the  order  of  10  percent  for  tests  at 
650° F  after  exposure  at  650°F  and  decreases  of  the  order  of  20  percent  for 
tests  at  400°F  after  exposure  at  400°F.  The  data  are  presented  in  Figure  24. 

The  data  for  center-notched  Inco  718  specimens  presented  in  Figure  25 
show  small  changes  at  N  =  lO^  cycles  but  relatively  large  changes  at  N  =  10? 
cycles.  For  tests  after  exposure  for  5000  hours  at  650°?,  increases  up  to  22 
percent  are  shown.  However,  for  tests  after  exposure  for  5000  hours  at  400°F, 
decreases  of  as  much  as  42  percent  are  presented. 

For  unnotched  specimens  of  Inco  718,  Figure  2 6  Indicates  decreases  in 
relative  fatigue  strength  with  increasing  exposure  time  with  the  exception  of 
values  at  N  -  10^  cycles  for  tests  at  400°F  and  a  value  at  N  =  10?  cycles  for 
tests  at  65O0 F  after  5000  hours  exposure  at  650°F.  At  N  =  10?  cycles  after 
exposure  for  5000  hours,  the  percentage  changes  range  from  an  increase  of  15 
percent  to  a  decrease  of  31  percent. 

Finally,  the  data  for  fusion-welded  and  planished  specimens  of  Inco  718 
presented  in  Figure  2f  show  moderate  changes  at  N  =  iCr  cycles  and  sIbo  at 
N  -  10?  cycles  for  tests  other  than  those  at  room  temperature.  For  the  room 
temperature  tests,  increases  occur  at  N  =  10?  cycles  in  fatigue  strengths 
relative  to  those  for  unexposed  specimens.  The  increases  range  from  35  to  57 
percent  after  exposure  for  5000  hourB  at  temperatures  of  400°F  and  650°F, 
respectively. 

These  summarizations  of  the  basic  S-N  data  obtained  during  the  program 
emphasize  the  variability  of  the  data  for  all  materials. 
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A  more  generally  informative  summarization  of  the-  constantr.mean  stress- 
data  is  provided  "by  Figures  28,  29  and  30.  These  figures  present  lower  /• 
boundaries  of  the  S-N  curves  for  all  exposure  conditions  and  test  temperatures 
expressed  in  terms  of  varying  stress  divided  by  material  density.  When  the 
data  'are  presented  in  this  form,  it  is  clear  that,  for  all  specimen  geometries, 
the  8-1-1  duplex-annealed  titanium  sheet  demonstrated  marked  superiority  for  " 
airframe  applications.  The  ratings  of  the  materials  are  shown  in  Table 

The  figures  also  show  that  the  fusion-welded  specimens  had  much  greater  ■ 
resistance  to  repeated  loading  than  the  notched  specimens  with  this  resistance 
approaching  that  of  the  unnotched  specimens  at  the  longer  test  durations.  In 
addition,  the  figures  show  that  unnotched  FHl4-8Mo  specimens  had  greater  re¬ 
sistance  at  elevated  temperature  than  at  room  temperature  for  durations  greater 
than  .10'  cycles.  For  this  range  of  durations,  the  fusion-welded  FHl4-8Mo 
specimens  had  slightly  greater  resistance  at  650°F  than  they  had  in  room 
temperature  tests. 

In  the  group  of  specimens  which  have  been  discussed  in  the  preceding  para¬ 
graphs,  the  center-notched  specimens  were  notched  hy  drilling  a  hole  before  the 
specimens  were  exposed  to  steady  load  at  temperature.  To  explore  the  effect  of 
drilling  such  a  hole  after  specimen  exposure  for  5000  hours  at  400°F  or  at 
65ucF,  a  group  of  specimens  was  exposed  and  then  drilled  before  teat.  This 
notching  after  exposure  tended  to  reduce  the  fatigue  strength  of  the  8-1-1  ti¬ 
tanium  sheet  at  all  test  temperatures.  It  had  no  effect  on  FHl4-8Mo  specimens. 
For  Inco  718  specimens,  tests  at  room  temperature  showed  no  effect  of  delayed 
notching  hut  in  tests  at  400  and  650°F  moderate  reductions  in  test  life  were 
obtained.  The  comparative  data  are  shown  in  Figures  31-48  and  the  test  data  for 
specimens  notched  after  exposure  are  listed  in  Table  8,  Page  71, 

In  the  preparation  of  the  large  number  of  fusion-welded  specimens  required 
for  the  basic  program,  light  planishing  of  the  welds  was  employed.  To  provide 
an  indication  of  the  effect  of  this  operation  a  group  of  specimens  with  unplan¬ 
ished  welds  was  prepared  and  tested.  These  tests  indicated  that  the  planishing 
operation  had  little  effect  on  the  fatigue  resistance  of  the  specimens.  The 
comparative  data  are  shown  in  Figures  49,  50,  and  51.  ,  and  the  teBt  data  for 
unplanished  specimens  are  listed  in  Table  9,  Page  75. 

An  item  of  interest  in  testing  of  fusion-welded  specimens  is  the  location 
of  failure.  The  fusion-welded  0-1-1  titanium  specimens  were  tested  with  no 
subsequent  heat  treatment  of  the  weld.  In  these  specimens,  fatigue  cracks 
generally  initiated  at  the  interface  between  weld  metal  and  heat  affected 
zone  and  propagated  across  the  weld.  The  FHl4-8Mo  specimens  were  heat  treated 
after  welding.  In  these  specimens  failures  usually  occurred  in  the  base  metal 
or  the  heat  affected  zone.  These  results  are  considered  to  be  typical  for  fusion 
welded  specimens  heat  treated  after  welding.  The  fusion-welded  Inco  718  speci¬ 
mens  were  not  heat  treated  after  welding.  These  specimens  usually  failed  in 
the  weld  metal  since  the  strength  of  the  weld  metal  is  appreciably  less  than 
that  of  the  cold  rolled  and  aged  base  metal.  The  failure  locations  for  fuBion 
welded  specimens  are  listed  in  Table  10,  Pa«e  7 6, 

When  these  failure  locations  were  compared  with  those  reported  for  the 
fatigue  tests  conducted  in  the  Boeing-North  American  Joint  Venture  under 
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Air  Force  Contract  AF33(650)-ll46L,  the  failure  locations  for  the  fusion-welded 
8-1-1  titanium  and  Inco  718  specimens  were  found  to  he  the  same..  However,  the 
failure  locations  for  the  .025  inch  fusion-welded  FHl^-8Mo  specimens  were 
slightly  different.  During  the  tests  now  being  reported,  the  steel  specimens 


"failed  in  the  heat  affected  zone  and  base  metal  while  during  those  conducted  by 
Boeing-No'rth  American  most  of  the  failures  occurred  it  the  weld  or  heat  af¬ 
fected  zone.  V 


Figures  52  through  57  provide  comparisons  of  test  data  presented  ic  this 
report  with  test  data  reported  by  Boeing-North  American  under  Air  Force  Contract 
AF33(65G)-ll46l.  Figures  52  through  5^  show  that  somewhat  shorter  test  lives 
were  obtained  in  the  current  work  for  specimens  taken  in  the  transverse  direc¬ 
tion  than  those  reported  for.  the  longitudinal  specimens  tested  by  Boeing-North 
American.  For  the  data  on  fusion-welded  specimens  shown  on  Figures. -5^  through 
57  good  agreement  is  shown  between  the  two  sets  of  data. 

\\ 

During  the  long  term  exposure  of  specimens  at  temperature  under  load, 
creep  was  not  measured.  However,  to  provide  some  indication  of  the  magnitude 
of  creep,  measurements  of  the  apparent  change  in  the  lengths  of  unnotched  speci¬ 
mens  were  made  at  the  end  of  the  5000-h°ur  exposure  period.  Change  In  lengths 
between  the  specimen  mounting  holes  are  reported  in  Table  11,  Page  83.  Although 
these  values  do  not  have  the  weight  of  precise  creep  strain  measurements,  they 
indicate  that  the  creep  during  the  5000  hours  was  small.  The  negative  values 
of  creep  reported  for  titanium  and  Inco  718  BpecimenB  may  he  due  to  small 
lattice  changes. 


To  assist  in  the  evaluation  of  the  exposure  and  fatigue  test  conditions, 
a  metallographic  examination  was  made  of  several  of  the  notched  and  welded 
specimens.  The  specimens  selected  for  this  examination  represented  the  most 
adverse  combination  of  material,  specimen  configuration,  pretest  conditions 
and  test  loadings  considered  in  this  section  of  the  report.  These  metallo¬ 
graphic  examinations,  which  are  presented  and  discussed  in  Appendix  VIII, 
indicate  no  subsurface  cracking  or  metallurgical  defects. 
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Figure  20.  Change  in  Fatigue  Strengths  vs  Exposure  Time,  8-1-1  Titanium, 
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Rgure  2, .  Change  in  Fatigue  strength,  „  Exposure  Time,  8-1-1  Titanium,  Fusion-Welded  &  Planished 


R„re  22.  Ch«*e  in  Fc.igoe  Shengfc  *  Expo»n,  Time,  PH  !4^M=,  Ce„ter-NotcW 
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23.  Change  in  Fatigue  Strengths  vs  Exposure  Time,  PH  14-8 Mo,  Unnotched 


|Hi^SSS3SsSS3BSfii!SBSBSBBBBBe^§i 


-f~i 

n  m 

^  CD  00  t- 
O  •  •  • 

^  CO  t>  LO 
g,tO  IT*  if* 


aeB3ggBiigBggg^ggaBaagsgBi§iaiiiiiiiiiiggigg5il 

ilpiiiliigipiilliill^iSippiiiiPiSSSSiSIBi 

fBasBaaaasaseBsMBitMMsah-nt. .  vagfe  ^aees  _aiHssgs@e» 
gaaBaiggaaaaaiBBBBaema'ggs,v:B!BBsBe@asasgsesBgsaaa 

giigiiliiiiiiiiiiiiliiiip  piiigiaaiiaiiaasiaa 
^ ■■■■— mivig§iiiig|iig§gg|iB|i 


|lIiI=IIIIiIHiii3 


.  Pm  Pm 
l_o  o 
“  o  o 

JOlO 
W  to 


£ 

4-4—  «-> 


lt_-aEe=»B=^3«0“i3gaS3ai.  »&3e£9«a'*i-  sb&  , 

gggSgB^g^ag5gagggggg|;gggBgB5VoaaaU  g||  asgggggg 

|HBBBSBasgs§ssssaagsssasaBasisaaiissaaMe@aBBy 

illlliiiiilllgiliilillillliiyiii.ligjilllisl 

lillSiisBglilglliSiiiifiiiigiiliiiillliiiliii 

aaaaaaaaasaaaaaaaEaag'easaaBisSlSs  tsEsaas 

BiSgasBBiSi.iii3iiHiSgslgg|l!lillHSagilll 


liiilillliiil!!i^gslliiii!llllp§iilll 


°o°oP 

9«S 

DQU 

zz| 

<<a 


Si3  =  s=!i^=4=Se4Saiii!a=3E=SE?sE;E3ESSS3S5SEEI“»»*J«a5it»i 

5  aaaaaaBgssBgEgagaSeaagaaasagfig 


iSSilpiw 


:I=E br  FTF 


liiiPiiFPliiiiliiiii 

■HiaHEa^^L  safe,  _,^SS@iiBSSSgBSBl 
BS*iiiiS»8iaEHSEB»«*BP,BWBE»EaEaanw| 

iBgasaemia— ■■—■—■ — ■ 


H  «  °0h 

S  o5  i> 

ft  00  t*  ^ 


3  J 

a 

S!!qq<<<  § 

gSwiflQQQ'S  H 

Ilssle!^  g 

si  |  6a 

v>  •“  I  ^  ®  H 
2E  l  H 

Cfl 


lISBBBliBiiigpilJiiiiiiiil 

gllBISliliiligiiiillllilglii 


aw  V  laarT 

pseS:  &  iaesssi  *  gjaSiafeaHgl 
BgaSHiStl  inn 

9Siiiiiii.ii^i^iiiijafiiiiiii| 

^  g  g  n  g  jgg  g  g  p 


cJO  O 
^  ©  C 
JO 

rt  ^  « 


aBglga&MfSS  saaiiisi 

iiif  iiiiiiiii  in  mu 

IBBffllUiVfll  ill!ili| 

liiHiilillliilSil 


!B"SBJTS1BBF  1BSBBBS 


,  2  .  /jda” 

(Q3SOdX3  ION)  i 


1N3D  yad  -  001  x  (aasodxa)  ^ 


45 


figure  24.  Change  In  Fatigue  Strengths  vs  Exposure  Time,  PH  14-8Mo,  Fusion-Welded  &  Planished 
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Rgure  26.  change  in  Fatigue  Strengths  vs  Exposure  Time,  1NCO  718,  Unnotched 
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figure  27.  Change  in  Fatigue  Streams  vs  Exposure  Time,  INCO  718,  Fusion-Welded  &  Planished 


LOWER  BOUNDARIES  OF  S-N  CURVES  FOR  ALL  SOAK  CONDITIONS 
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CYCLES  TO  FAILURE 

Figure  29.  Comparison  of  S-N  Curves  a\  400°F,  fmean  =  Coristant 
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Rgure  31.  Comparison  of  S-N  Data  at  Room  Temperature,  8-1-1  Titanium,  Notched  Before  and  After  Soak 
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Figure  35.  Comparison  of  S-N  Data  at  650°F,  8-1-1  Titanium,  Notched  Bsfore  and  After  Soak 
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Rgure  36.  Comparison  of  S-N  Data  at  650°F,  8-1-1  Titanium,  Notched  Before  and  After  Soak 
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Figure  37.  Comparison  of  S-N  Data  at  Room  Temperature 
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Figure  38.  Comparison  of  S-N  Data  at  Room  Temperature,  PHl4-8Mo,  Notched  Before  and  After  Soak 
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pi  gyre  39  Comparison  of  S-N  Data  at  400°F/  PH14-8MO,  Notched  Before  and  After  Soak 
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Figure  40.  Comparison  of  S-N  Date  at  400°F,  PH14-8Mo,  Notched  Before  and  After  Soak 
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Figure  41.  Comporison  of  S-N  Data  at  650°F,  PH  14-8Mo,  Notched  Before  and  After  Soak 
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Rgure  42.  Comparison  of  S-N  Data  at  650°F,  PH  14-8Mo,  Notched  Before  and  After  Soak 
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figure  43.  Comparison  of  S-N  Data  at  Roam  Temperature,  INCO  718,  Notched  Before  and  After  Soak 
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Figure  44.  Comparison  of  S-N  Data  at  Ro~,  Temperature,  INCO  718,  Notched  Before  and  After  Soak 
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Rgore  45.  Comparison  of  S-N  Date  at  400°F,  INCO  718,  Notched  Before  and  After  Soak 
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Figure  46.  Comparison  of  S-N  Data  at  400°F,  INCO  718,  Notched  Before  end  After  Soak 
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CYCLES  TO  FAILURE 

Figure  47.  Comparison  of  S-N  Data  at  650°F/  INCO  718,  Notched  Before  and  After  Soak 
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figure  48.  Comparison  of  S-N  Data  at  650°F,  INCO  718,  Notched  Before  and  After  Soak 


AFTER  EXPOSURE  FOR  5000  HOURS 


i 

\ 


to 


Sh  838 

E  H  u\cO 

CQ  £2  *k  *» 

§§  $$$ 

LA  O  O 

ITS  IAQ 

•v 

H 

33  8 

uSOi  H 

3  51$ 

iiS 

•s 

cvi 

§§§ 

*»•»»* 

!ft!R3 

333 

HOW 
•*  *» 

KN  KN  f?\ 

lT\  ^ 

VO  X*H 

6,  J 3  333 

<J  VO-' 

333 

30  unun 

US  vo  vo 

333 

333 

P  H  0  [-to  CT\ 

p  S" 

H  8  Si 

t— co  On 

3851 

t-00  ON 

$853 

|§  3 

OJ 

ir\ 

& 

3 

3 

& 

* 

8i  as* 

||  R88 

I8S 

•N  «S  * 

^  LA  LA 
u\lA  LA 

rlKMn 
cvj  CV1  CVJ 

hi 

«s  •* 

8351 

LA 

* 

Cl 

Ml 

*\  »\  A 

$33 

m 

j*! 

Eh  JS  333 

5>i  VO— 

333 

co  unun 
US  vo  NO 

333 

333 

U  u  1 

tj  |g  J*  ITS  VO 
W  OT  * 

3  S3 

-t  10  VO 

$33 

J*  LA  VO 

3  S3 

|  i  s 

H 

LA 

& 

H 

& 

H 

fi 

On 

KN 

KN 

al  &8S 

£  8  a  &&» 

1  G1  rf 

m 

3  3 

33  8 

H  <Z  LA 

•v  *v  •* 

§33 

H  H 

Ml 

m 

m%  ms  *s 

^1 

•» 

CO  VD  KN 

ITV  Jv  UN 

E  * — > 

1  12  333 

PH 

333 

£  £  £ 

£  81  £ 

333 

333 

<  ^ 

1  eg  Hw^ 

P  w 

33$ 

H  CVJ  KN 

rA^t  la 

H  H  H 

H  CVI  KN 

33$ 

!  EH  . 

P  WP  t- 

H  S3  -it 

O 

IA 

5\ 

H 

& 

H 

UN 

(TV 

KN 

g 

KN 

lal 

SS°  10° 

mhcq  u\  cvj  j- 

2^ 

0 

LA  1A 

CM  VO 

2^ 

0 

33 

2c^ 

0 

Q  LA 

3  VD 

’H 

«  f*1 

*0 

O  O 

5^ 

0 

O  UN 
-J-  VO 

MATERIAL 

8-1-1 

Titanium 

Duplex 

.Annealed 

0 

* 

1 

Ah 

o’ 

LA 

O 

H 

CO 

H  *  +» 

t—  Td  a)  Cm 

4)  4^ 

O  r|  U  IA 

hsjUs 

71 


*Ho  failure 


XDIXI 

R  J 


72 


Comparison  of  S-N  Data  at  Room  Temperature,  PH  14-8Mo,  Planished  and  Unplanished  Fusion  Welds 
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CYCLES  TO  FAILURE 

51.  Comparison  of  S-N  Data  at  Room  Temperature,  INCO  718,  Planished  and  Unplanished  Fusion  Welds 


TABLE  9 


CONSTANT  LOAD  AMPLITUDE  FATIGUE  TESTS  AT  ROOM  TEMPERATURE 


UNPIANISHED  FUSION-WELTED  SPECIMENS 

TRANSVERSE  GRAIN 
NO  PRIOR  SOAK 
R  =  0,1 


Specimen 

Material 

Test  No. 

f 

max 

(itBl) 

Cycles  to 
Failure 

8-1-1  Titanium 

99a 

100 

140,400 

Duplex -Anneale & 

100 

147,240 

100 

66,960 

FH14-8MO 

243a 

120 

34,380 

(SRH  1050) 

120 

27,540 

Stainless  Steel 

120 

48,780 

INCO  718 

587a 

100 

mm 

Cold  Rolled, 

100 

■eKfii 

Aged  at  1275 °F 

100 

mm 
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TABLE  10  LOCATION  OF  FAILURES  IN  FUSION-WELDED  FATIQUE  TEST  SPECIMENS 


ffeterial 

Total  Number 
of  Specimens 
Examined 

Percent  of  Failures 

Thru  Weld 

At  Edge  of  Weld 

Away  From  Weld 

8-1-1  Tl 

Duplex 

Annealed 

278 

9^.6*  1 

2.2 

3.2 

PKL4-8MO 
(SRH  1050) 
StainlesB  Steel 

133 

n 

51.9 

43.6 

inCo  718 

Cold  Rolled, 
Aged  at  1275°F 

228 

87.7 

7*9 

k.k 

NOTE:  No  correlation  was  found  between  location  of  failure 
and  scatter  in  S-N  data. 


*  Through  weld  and  heat  affected  zone. 
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of  S-N  Data  with  Similar  Data  Obtained  under  AF  33(657)-11461 ,  Unnotched  9-1  - 5  i  itaniuin 
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Figure  53.  Comparison  of  S-N  Data  with  Similar  Data  Obtained  under  AF  33(657)-!  1 461 ,  Unnotched  PH  14-8Mo 
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of  S-N  Data  with  Similar  Data  Obtained  under  AF  33(657)-!  1461,  Unnotched  INCO  718 
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Figure  55 •  Comporiscn  of  S-N  Data  with  Similar  Data  Obtained  under  AF  33(657)-!  1 461 ,  Fusion-Welded  8-1  -1  Titanium 
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Figure  56.  Comparison  of  S-N  Data  with  Similar  Data  Obtained  under  AF  33(657)-!  1461,  Fusion-Welded  PH  1 4-8Mo 
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Comparison  of  S-N  Data  with  Similar  Data  Obtained  under  AF  33(657)-!  1 461 ,  Fusion-Welded  INCO  718 


TABLE  11  CHANGE  IN  LENGTH  AFTER  5000  HOURS  OF  EXPOSURE 


PLAIN  RECTANGULAR  SPECIMENS  TO  BE  CENTER-NOTCHED  AFTER  EXPOSURE 
SIX  INCH  SPECIMEN  IENGTH  (L)  BASED  ON  DISTANCE  BETWEEN  CENTERLINES 
OF  THE  HOLES  IRILIED  AT  ENDS  OF  SPECIMEN 


SPEC. 

8-1. 

-1  TITANIUM 

PHl4-8Mo 

INCO  718 

AL/L 

r 

AL/L 

NO. 

PRIOR 

AL 

iv 

AL 

PRIOR 

AL 

AL/L 

SOAK 

(la) 

(in/in) 

SOAK 

(in) 

(in/in) 

SOAK 

(in) 

(in/in) 

1 

-.0055 

-.00092 

.0202 

•00337 

-.0078 

-.00130 

2 

-.0055 

-.00092 

.0193 

.00321 

-.0090 

-.00150 

3 

-.0056 

-.00093 

.0172 

.00287 

-.0080 

-.00133 

4 

25  ksi 

-.0058 

-.000S7 

40  ksi 

.0203 

.00338 

40  kai 

-.0057 

-.00095 

5 

and 

-.0053 

-.00088 

and 

.0200 

.00333 

and 

-.0054 

-.00090 

6 

400°F 

-.0056 

-.CCCS3 

4Q0*F 

.0218 

.00363 

400 °F 

-.0062 

-.00103 

7 

for 

-.0038 

—00065 

for 

.0232 

.00387 

for 

-.0063 

-.00105 

8 

5000 

-.0042 

*.00070 

5000 

.0160 

.00267 

5000 

-.0070 

-.00117 

1  9 

hrs. 

-.0018 

-.00030 

hrs. 

.0213 

.00355 

hrs. 

-.0073 

-.00122 

-.0042 

-.00070 

.0210 

.00350 

-.0063 

-.00105 

-.00080 

.0225 

.00375 

-.0054 

-.00090 

12 

-.00030 

.0210 

.00350 

-.0067 

-.00112 

Aver¬ 

age 

-.0045 

-00075 

.0203 

.00339 

-,0067 

-.00111 

13 

hHhB§ 

0 

.00325 

-.0063 

14 

■;p 

0 

4o  ksi 

.00167 

Ho  leal 

-.0055 

15 

25  leal 

0 

.00327 

-.0075 

16 

and 

fc'MI 

0 

and 

.00325 

and 

-.0044 

BSii 

17 

650®F 

0 

650  *F 

.00175 

650 “F 

-.0050 

18 

for 

0 

for 

.0170 

.00283 

for 

-.0089 

-.00148 

19 

5000 

■piyiiif 

5000 

.ei02 

.00170 

5000 

-.0093 

-.00155 

20 

hrs. 

Hl|;  V  f 

hrs. 

.00203 

hra. 

-.0095 

-.OOI58 

21 

Kir  “ij 

.00170 

-.0090 

-.00150 

22 

1. 

.00322 

-.0078 

-.00130 

23 

.00208 

-.0063 

-.00105 

24 

* 

0 

0 

.00243 

-.0078 

-.00130 

Aver¬ 

age 

O 

0 

.0146 

.00243 

-.0073 

-.00121 
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B.  STATIC  TENSILE  TESTS 

Static  tensile  tests  were  conducted,  at  room  temperature,  400  and  650°F  to 
provide  data  on  the  effect  of  test  temperature  on  the  static  strength  proper¬ 
ties  of  specimens  with  no  prior  exposure  ard  to  supplement  the  information  on 
the  effects  of  prior  exposure  which  is  provided  "by  S-N  data. 

The  Baldwin- Lima-Hamilton  static  test  machine  and  the  auxiliary  test 
equipnent  used  for  these  tests  is  described  in  Appendix  IV.  The  test  data  are 
presented  in  Volume  II  and  graphical  presentations  of  lower  boundaries  of  the 
data  are  presented  in  this  section  in  Figures  58  through  69. 

For  specimens  with  no  prior  exposure,  the  reductions  from  room  temperature 
values  in  the  ultimate  and  yield  strengths  of  plain  8-1-1  titanium  speci¬ 
mens  tested  at  650°F  were  approximately  25  and  37  percent.  For  plain 
PHl4-8Mo  and  Inco  7.18  specimens  the  corresponding  reductions  were  approximately 
6  and  9  percent.  For  fusion-welded  specimens,  the  reductions  in  ultimate 
strength  at  650°F  were  2 6  percent  for  the  8-1-1  titanium,  19  percent  for  EE0.4- 
8M0  and  12  percent  for  Inco  718. 

With  the  exception  of  moderate  changes  in  the  static  yield  and  ultimate 
strength  of  PHl4-8Mo  steel,  the  effect  on  strength  of  prior  exposures  to  con¬ 
stant  load  at  temperature  was  small.  Significant  effects  on  specimen  elonga¬ 
tion  were  obtained  for  all  materials.  However,  these  effects  can  seldom  be 
correlated  with  the  effects  of  prior  exposure  on  S-N  data.  For  example,  in 
the  constant  load  amplitude  tests,  the  unnotched  specimens  of  FHl4-8Mo  were 
affected  most  by  exposure  conditions  at  400°F  while  in  the  static  tests  the 
most  pronounced  effect  on  plain  specimens  was  produced  by  exposure  at  650°^. 

A  detailed  examination  of  the  data  presented  graphically  on  Figures  58  to 
69  leads  to  the  following  comments. 

For  the  plain  8-1-1  duplex-annealed  titanium  specimens,  slight  in¬ 
creases  occurred  in  the  ultimate  tensile  and  yield  strength  after  stressed  ex¬ 
posure  to  temperature.  The  largest  increase  in  at  any  of  the  test  temper¬ 
atures  for  these  specimens  was  approximately  8  percent  at  400°F  after  stressed 
exposure  for  5000  hours  at  650 ’F.  The  maximum  increase  in  F^y  was  7  percent 
in  tests  conducted  at  room  temperature  after  stressed  exposure  for  1000  hours 
at  650°F.  The  elongation  of  these  specimens  was  decreased  by  several  of  the 
exposure  conditions.  The  largest  decrease  in  ductility  was  approximately  26 
percent  in  tests  at  650°F  after  1000  hours  of  stressed  exposure  at  650°F» 
However,  there  was  a  l4  percent  increase  in  ductility  in  tests  at  room  temper¬ 
ature  after  the  exposure  described  above  and  a  12  and  11  percent  increase  in 
tests  at  650“F  when  the  exposure  time  at  650°F  was  increased  to  5000  hours. 

In  tests  at  room  temperature  the  only  decrease  in  ductility  occurred  after 
prior  exposure  at  400°F  for  1000  hours. 

For  P10.4-.8Mo  plain  specimens,  the  ultimate  tensile  and  yield  strengths 
showed  significant  increases  after  1000  and  5000  hours  of  stressed  exposure  at 
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650°F«  The  largest-  increases  of  23  end  P(,  percent,  in  F+„  and  F-u,,.  respec¬ 
tively,  occurred  in  tests  at  room  temperature  after  the  5000  hour  exposure 
period.  Such  gains  in  strength  after  extended  exposure  at  650°F  are  typical 
of  precipitation  hardened  steels.  Also  typical  is  a  general  tendency  for  a 
reduction  in  ductility.  A  50  percent  reduction  was  obtained  in  tests  at  room 
temperature  after  1000  hours  of  stressed  exposure  at  650°'b'  and  25  and  50  per¬ 
cent  reductions  occurred  in  tests  at  400  and  650°F  respectively,  after  1000 
hours  exposure  at  400°F.  However,  a  33  percent  increase  in  ductility  was  ob¬ 
tained  in  tests  at  650°F  after  5000  hours  of  exposure  at  650°F. 

For  Inco  718  plain  specimens,  none  of  the  exposure  conditions  had  any 
significant  effect  on  the  ultimate  and  yield  strength  of  the  material.  The 
maximum  changes  in  F^u  were  approximately  a  4  percent  Increase  in  tests  at 
room  temperature  after  1000  hours  of  stressed  exposure  at  400°F  and  a  5  per¬ 
cent  decrease  in  tests  at  u50°F  after  5000  hour s  of  exposure  at  400°F.  The 
largest  change  in  F-ty  was  a  4  percent  increase  in  tests  at  room  temperature 
after  5000  hours  of  stressed  exposure  at  650°F.  The  significant  changes  in 
elongation  were  a  l4  percent  decrease  in  tests  at  room  temperature  after  5000 
hours  of  stressed  exposure  at  400°F  and  a  23  percent  decrease  in  tests  at  )|00°F 
after  stressed  exposure  for  5000  hours  at  400°F  or  1000  hours  at  650°F.  All 
other  changes  in  elongation  after  stressed  exposure  were  less  than  8  percent. 

The  effects  of  stressed  exposure  to  temperature  on  fusion-welded  specimens 
were  also  evaluated  In  static  tests  conducted  at  room  temperature,  400  and 
650°F.  During  these  tests,  extensometers  were  not  used  to  measure  the  elonga¬ 
tion  and  yield  strength  because  abrupt  specimen  failures  could  lead  to  instru- 
(  ment  damage. 

The  general  effect  of  exposure  on  fusion-welded  8-1-1  titanium  specimens 
was  an  increase  in  tensile  strength.  The  largest  Increase  occurred  after  1000 
hours  of  stressed  exposure  at  650°F  and  ranged  from  10  percent  at  a  test  tem¬ 
perature  of  400°F  to  6  percent  in  tests  conducted  at  room  temperature.  The 
only  stressed  exposure  condition  to  reduce  the  ultimate  tensile  strength  of 
0-1-1  titanium  was  5000  hours  at  400°F  with  the  resulting  reductions  ranging 
from  4  percent  at  a  test  temperature  of  650°F  to  2  percent  at  the  400°F  test 
tempera,  ture. 

For  FHl4-8Mo  fusion-welded  specimens,  the  ultimate  tensile  strength  was 
increased  by  12  percent  at  a  test  temperature  of  650°F  after  being  exposed  to 
stress  at  650°F  for  1000  hours.  A  12  percent  increase  in  ultimate  tensile 
strength  occurred  at  a  test  temperature  of  400°F  after  5000  hours  of  stressed 
exposure  at  f>50°F.  The  ultimate  strength  of  fusion-welded  Pdl4~8Mo  specimens 
is  also  reduced  after  stressed  exposure.  The  peak  reduction  of  5  percent  oc¬ 
curs  at  a  test  temperature  of  400°F  after  5000  hours  of  stressed  exposure  at 
400°F. 


The  tensile  strength  of  the  fusion-welded  Inco  718  specimens  was  generally 
reduced  a  small  amount  by  stressed  exposure  at  temperature.  The  largest  reduc¬ 
tion  of  6  percent  occurred  at  a  test  temperature  of  650°F  after  1000  hours  of 
stressed  exposure  at  the  same  temperature. 

During  the  static  tests  conducted  on  the  fusion-welded  specimens,  it  was 
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noted  that  failures  occurred  at  different  locations  for  each  material*  The 
fusion-welded  8-1-1  titanium  specimens  always  failed  in  the  base  metal  away 
from  the  weld.  These  specimens  had  static  strengths  comparable  to  the  plain 
specimens,  as  shown  in  Figures  58  and  67. 

While  all  failures  were  in  or  immediately  adjacent  to  the  weld  in  the 
fusion-welded  PHl4-8Mo  specimens,  the  static  tensile  strength  was  only  slightly 
reduced  below  that  for  the  parent  metal.  This  is  to  be  expected  since  these 
specimens  were  heat  treated  after  welding. 

Most  of  the  fusion-welded  Xnco  7d8  specimens  failed  i.n  the  weld  zone  since 
the  wel^i  metal  strength  was  appreciably  less  than  that  of  the  cold  rolled  and 
aged  parent  metal. 

The  failure  locations  for  the  fusion-weldea  8-1-1  titanium  and  Inco  718 
specimens  were  the  same  as  those  obtained  in  the  Boeing-North  American  Joint 
Venture  under  Air  Force  Contract  AF33(657)-ll46l.  However,  all  of  the  .025 
inch  thick  PHl4-8Mo  specimens  which  were  heat  treated  after  welding  failed  in 
or  near  the  weld  zone  in  this  test  program  while  the  majority  of  the  corre¬ 
sponding  Boeing-North  American  test  specimens  failed  in  the  base  metal  during 

static  tests. 

A  comparison  of  the  tensile  properties  of  plain  and  fusion-welded 
specimens  reported  by  Boeing-North  American  with  those  obtained  in  the  current 
program  is  provided  by  the  data  listed  in  Table  12.  The  data  from  the.-  two 
programs  are  considered  to  show  good  agreement. 

In  order  to  compare  the  materials  on  the  basis  of  static  tensile  proper¬ 
ties,  the  lower  boundaries  of  values  for  all  exposure  conditions  are  presented 
in  Figures  70  and  71«  These  figures  show  that,  using  the  ultimate  strength 
to  density  ratio  for  both  the  plain  and  fusion-welded  specimens,  the  8-1-1  ti¬ 
tanium  would  be  rated  first,  FHIH-8M0  steel  second  and  Inco  718  third  at  all 
test  temperatures.  The  same  rating  would  also  apply  to  comparisons  of  the 
elongations  along  a  two  inch  gage  length  for  these  materials.  This  rating 
does  not  apply  when  using  the  yield  strength  to  density  ratio  for  plain  speci¬ 
mens.  In  tests  conducted  at  room  temperature,  the  8-1-1  titanium  would  be 
rated  first,  Inco  718  second  and  FH14-0Mo  third.  In  tests  conducted  at  650°F, 
these  ratings  would  be  reversed.  For  the  400°F  test  temperature,  PHl4-8Mo  is 
rated  first,  8-1-1  titanium  second  and  Inco  718  third. 

The  comparison  of  ultimate  tensile  strengths  of  plain  and  fusion 
welded  specimens  presented  in  Figure  71  emphasizes  the  large  decrease  in 
strength  of  Inco  718  specimens  when  they  contain  fusion  welds  which  are  not 
heat  treated  after  welding. 
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TEST  TEMPERATURE  °F 


Figure  58.  Effects  of  Prior  Soak  on  Ultimate  Tensile  Strength, 
Plain  Specimens,  8-1-1  Titanium 
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Figure  59.  Effects  of  Prior  Soak  on  Yield  Strength,  Plain  Specimens,  8-1-1  Titanium 
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Figure  60.  Effects  of  Prior  Soak  on  Elongation,  Plain  Specimens,  8-1-1  Titanium 
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Figure  61.  Effects  of  Prior  Soak  on  Ultimate  Tensile  Strength, 
Plain  Specimens,  PH  14-8Mo 
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Figure  62.  Effects  of  Prior  5ook  or.  Yiaid  Strength,  Plain  Specimens,  PH  14-8Mo 
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Figure  63.  Effects  of  Prior  Soak  on  Elongation,  Plain  Specimens,  PH14-8Mo 
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Figure  64.  Effects  of  Prior  Soak  on  Ultimate  Tensile  Strength, 
Plain  Specimens,  INC0  718 
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Figure  65.  Effects  of  Prior  Soak  on  Yield  Strength,  Plain  Specimens,  INCO  718 
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Figure  66.  Effects  of  Prior  Soak  on  Elongation,  Plain  Specimens,  INCO  718 
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Figure  67.  Effects  of  Prior  Soak  on  Ultimate  Tensile  Strength, 
Fusion-Welded  8-1-1  Titanium 
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Figure  68,  Effects  of  Prior  Soak  on  Ultimate  Tensile  Strength, 
Fusion-Welded  PH14-8Mo 
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Figure  69.  Effects  of  Prior  Soak  on  Ultimate  Tensile  Strength,  Fusion-Welded  INCO  718 
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TEST  TEMPERATURE  °F 

Figure  70.  Comparison  of  Static  Tensile  Properties,  Plain  Specimens 
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VALUES  FOR  ALL  SOAK  CONDITIONS 
TRANSVERSE  GRAIN 

- 8-1-1  TITANIUM,  DUPLEX-ANNEALED 

— - PH  14-8Mo  (SRH  1050) 

-  1NC0  718,  COLD  ROLLED,  AGED  AT  1275°  F 

1.  PLAIN  SPECIMENS 

2.  FUSION-WELDED  AND  PLANISHED 
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Figure  71 ,  C 


TEST  TEMPERATURE  °F 

:  Ultimate  Tensile  Strength,  Plain  and  Fusion-Welded  Specimens. 


PHASE  II  -  FLIGHT-BY-FLIGHT  LOADING  SEQUENCE  TESTS 


The  constant  load  amplitude  tests  carried  out  in  Phase  I  of  the  program 
provide  one  Lasis  for  the  comparison  of  sheet  materials  proposed  for  possible 
use  in  SST  structure.  In  general,  however,  such  tests  cannot  adequately  indi¬ 
cate  the  effects  of  the  sequences  of  loadings  and  thermal  cycles  anticipated 
in  service.  To  provide  data  on  these  effects,  tests  must  be  conducted  in 
which  reasonable,  conservative,  simulations  of  the  service  conditions  are  gen¬ 
erated.  Such  tests  have  been  carried  out  using  test  conditions  which  simulate 
service  conditions  in  the  lower  surface  of  the  wing  root  structure  and  also 
using  test  conditions  which  simulate  the  very  different  service  conditions 
anticipated  along  the  sides  of  fuselages. 


A.  WING  ROOT  LOADING  CONDITIONS 

To  simulate  the  service  conditions  in  the  wing  root  region,  two  types  of 
tests  were  undertaken.  In  one  type,  the  average  time  at  temperature  antici¬ 
pated  for  each  service  flight  is  developed  during  each  test  "flight".  This 
type  of  test  should  provide  the  best  test  evaluation  of  long  term  intermittent 
exposures  to  elevated  temperature  occurring  in  conjunction  with  anticipated 
sequences  of  loading.  However,  such  tests  are  inevitably  of  long  duration  and 
are  probably  not  practical  for  design  development  testing.  To  explore  the  pos¬ 
sibilities  of  acoelerated  tests,  setB  of  specimens  must  also  be  tested  using 
the  same  loading  sequences  and  thermal  cycles  but  with  a  minimum  practical  time 
at  elevated  temperature.  Comparisons  of  the  number  of  flights  obtained  in  the 
two  sets  of  tests  will  provide  guides  to  the  interpretation  of  SST  design  de¬ 
velopment  tests.  The  latter  tests  must  be  conducted  in  relatively  short  times 
for  the  test  information  to  be  useful  in  the  design  process. 


For  the  tests  to  be  practical,  the  test  durations  expressed  in  number  of 
flights  must  be  short  enough  to  be  demonstrated  in  reasonable  calendar  times 
but  the  severity  of  the  test  conditions  must  not  be  unrealistic.  To  explore 
the  selection  of  appropriate  loading  severities,  preliminary  work  with  SST 
structures  suggested  the  use,  in  tests  at  room  temperature,  of  the  spectra 
shown  In  Tables  13>l4,15  and  l6  and  in  Figure72  employing  the  test  sequences 
shown  in  Figure  73*  The  test-  load  magnitudes  are  defined  in  terms  of  a  ref¬ 
erence  lg  stress.  For  the  8-1-1  titanium  specimens  the  value  of  the  Ig  stress 
was  selected  as  25,000  psi  and  for  the  FIIl4-8Mn  steel  and  Inco  718  specimens 
the  value  selected  was  40,000  psi.  These  values  were  also  used  as  steady  state 
or  mean  stresses  in  the  evaluation  of  the  constant  load  amplitude  tests  carried 
out  under  Phase  I  of  the  Program.  The  values  are  believed  to  reflect  conserva¬ 
tive  selections  of  allowable  design  stresses  which  are  consistent  with  the 
ultimate  static  strengths  of  the  materials. 

For  conservatism  In  the  selection  of  the  sequence  and  magnitude  of  test 
loadings,  attention  was  focused  on  a  point  in  wing  structure  which  is  below 
the  surface  such  as  a  beam  cap.  At  such  a  location,  a  significant  tensile 
stress  will  be  developed  during  heating.  The  sequence  shown  in  Figure  73 
reflects  this  choice  of  structural  location. 
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(1)  Automatically  controlled  on  a  fUght -'by-flight  basis* 

(2)  tfanually  controlled  in  real-time  tests  and  automatically  controlled  in 
accelerated  tests. 


(1)  Automatically  controlled  on  a  flight-by  -flight  basis. 

(2)  Manually  controlled  in  real-time  tests  and  automatically  controlled  in  accelerated  tests. 
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CUMULATIVE  FREQUENCY  OF  OCCURRENCE  (CYCLES) 

IN  80,000  FLIGHTS 

Figure  72.  Loading  Spectra  A  for  Preliminary  FI ight-by-FI ighf  Tests  at  Room  Temperature 


MEAN  LOAD  LEVEL  -  CRUISE 
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The  effect  of  thermally  induced  load  was  represented  during  the  cruise 
portion  of  each  "flight"  by  a  tensile  increment  of  0.8  times  the  reference  lg 
load.  This  load,  when  superimposed  on  the  decrement  of  0.15  times  the  refer¬ 
ence  value  which  is  due  to  reduced  fuel  weight,  leads  to  the  net  Increment  of 
O.65  units  shown  on  the  figure.  While  the  thermal  increment  will  decrease 
during  actual  cruising  flight  as  the  structural  temperatures  approach  equilib¬ 
rium,  a  constant  value  was  applied  in  the  tests.  During  descent,  a  reversal 
of  the  thermally  induced  load  will  occur  and  a  maximum  value  of  compression 
increment  will  be  generated.  For  the  initial  tests,  a  thermal  decrement  of 
0.4  units  superimposed  on  a  decrement  of  0.4  units  due  to  weight  loss,  when 
subtracted  from  the  reference  lg  load,  leads  to  the  net  value  of  0.2  shown 
in  Figure  73  for  the  steady  state  value  about  which  the  oscillatory  descent 
loadings  were  applied. 

During  the  descent  phase  of  each  service  flight,  the  majority  of  the  ap¬ 
plied  loadings  will  probably  occur  at  relatively  low  altitudes  when  the  struc¬ 
ture  will  have  cooled  appreciably.  For  simplicity  in  the  conduct  of  the  tests, 
these  descent  loadings  are  defined  to  be  applied  at  minimum  test  temperature. 

The  ground  loadings  were  represented  by  a  single  excursion  to  the  largest 
compressive  stress  anticipated  during  each  flight.  This  expedient  was  adopted 
to  retain  the  effect  of  intermittent  compressive  loadings  but  to  avoid  the  sub¬ 
stantial  extension  of  test  time  required  to  apply  a  spectrum  of  ground  loadings. 

The  growth  of  cyclic  load  magnitudes  with  test  time  which  is  defined  by 
the  spectra  was  represented  by  the  application  of  the  larger  loadings  during 
particular  test  flights.  The  order  of  application  of  these  loadings  is  de¬ 
fined  in  the  tables. 

The  spectra,  which  are  Identified  as  Spectra  A,  were  defined  as  flight-by¬ 
flight  sequence  traces  on  magnetic  tapes.  The  tapes  were  used  with  the  test 
apparatus  described  in  Appendix  IV  in  tests  at  room  temperature  of  center 
notched  ana  iusion-veldea  specimens.  These  tests  produced  the  test  lives 
listed  in  Table  17  and  shown  graphically  in  Figure  74. 

In  these  preliminary  tests,  the  test  loadings  produced  relatively  3hort 
test  lives  (4400  to  9700  flights)  for  specimens  notched  by  an  unloaded  hole  and 
very  long  test  lives  for  specimens  containing  a  fusion  weld.  The  results  for 
the  notched  specimens  led  to  a  re-evaluation  of  the  bases  for  the  spectra  and 
the  conclusion  that  they  were  unrealistically  severe.  The  results  for  the 
fusion-welded  specimens,  coupled  with  additional  evidence  of  a  low  effective 
stress  concentration  provided  by  the  S-N  test  values  reported  under  Phase  I, 
led  to  the  conclusion  that  additional  spectrum  loading  testing  of  these 
specimens  was  not  warranted. 

The  re-evaluation  of  the  bnals  for  the  spectra  Indicated  that  the  need 
for  a  reasonably  conservative  but  not  unrealistic  representation  of  wing  root 
loadings  dictated  a  marked  reduction  in  the  maximum  stress  ranges  produced  in 
the  first  set  of  tests. 

To  obtain  an  indication  of  the  effect  of  such  a  reduction,  the  magnetic 
tapes  defining  the  louding  histories  identified  as  Spectra  A  v/ere  used  in  tests 
of  an  additional  set  of  notched  specimens.  In  these  tests,  however, 


TABLE  17  -  ACCELERATED  FLI(iHT-BY -FLIGHT  TEST  RESULTS 
FOR  SPECTRA  A  AT  ROOM  TEMPERATURE 


SPECIMEN 

MATERIAL 


8-1-1 

Titanium 

Duplex 

Annealed 


PH  l4-8Mo 
(SRH1050) 
Stainless 
Steel 


INCO  718 
Cold 
Rolled, 
Aged  at 
1275  D 


SPECIMEN 
TYPE _ 

Center-Notched 

Fusion-Welded 

Multi-Spotvelded 

Doubler 

Single -Spotwelded 
Doubler _ 

Center-Notched 

Fusion-Welded 

Center-Notched 

Fusion-Welded 


a.  Malfunction  of  load  programmer  resulted  in  inadvertent  failure  of  two 
specimens  outside  of  notched  area  -  a  visual  inspection  revealed  three 
cracked  specimens. 

b.  No  failure  -  testing  discontinued, 

c.  During  3000th  flight,  one  specimen  failed  catastrophically  through  on 
end  spotweld.  An  inspection  revealed  cracks  at  end  spotweld  in  remain¬ 
ing  three  (3)  specimens. 

d.  Overload  Inadvertently  applied  -  testing  discontinued, 
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NO  PRIOR  SOAK 


X  SCATTERBAND  FOR  TEST  RESULTS 
O  AVERAGE  OF  TEST  RESULTS 
A  INDICATES  INCLUSION  OF  TESTS 
<  WITH  NO  FAILURE 


Figure  74,  Preliminary  Accelerated  Flight-by-Flight  Test  Results 
for  Spectra  A  at  Room  Temperature 


111 


the  magnitudes  of  all  loadings  were  reduced  to  8C$  of  those  applied  in  the 
first  set  of  tests.  The  test  lives  obtained  at  room  temperature  with  this 
arbitrary  reduction  of  ail  iuad  magnitudes  ranged  from  27,000  to  greater  than 
76,000  flights  for  8-1-1  titanium,  from  6,800  to  7,600  flights  for  PHl4~8Mo 
and  from  11,400  to  14,900  for  Inco  718.  T’  3  results  are  reported  in  Table  18 
and  shown  in  Figure  75  where  the  loadings  are  identified  as  Spectra  B.  These 
results  demonstrate  the  sensitivity  of  test  life  to  loading  severity  and  show 
the  generally  expected  trend  to  larger  test  scatter  with  reductions  in  test 
severity.  They  also  provide  one  guide  to  the  description  of  a  new  set  of  load¬ 
ings  of  reduced  severity  which  would  not  produce  excessively  long  test  lives. 

An  additional  requirement  imposed  by  the  need  for  realism  was  the  retention 
of  the  original  definitions  of  reference  stress  levels  and  oscillatory  flight 
loadings  with  the  selection  of  a  more  representative  tensile  thermal  stress 
increment  and  a  more  representative  simulation  of  ground  loadings. 

The  new  set  of  loadings  had  a  value  of  tensile  thermal  stress  Increment 
of  0.6  times  the  reference  lg  stress  rather  than  0,8  and  a  ground  loading 
spectrum  of  reduced  severity.  The  ground  loading  spectrum  is  listed  in 
Table  19  and  the  new  set  of  spectra,  identified  as  Spectra  C,  are  shown  In 
Figure  76.  Figure  77  shows  a  schematic  of  the  loading  sequences  and  magni¬ 
tudes.  This  figure  may  be  compared  with  the  corresponding  representation  in 

Figure  73  of  the  test  sequences  and  magnitudes  used  in  the  first  Bet  of  tests. 

New  loading  tapes  containing  flight-by-flight  loading  histories  defined 
for  Spectra  C  were  prepared  and  used  in  tests  at  room  temperature  of  notched 
specimens.  These  tests  led  to  lives  ranging  from  26,500  to  105,000  flights 
for  8-1-1  titanium  from  8,100  to  10,400  flights  for  PHl4-8Mo  and  11,600  to 
12,000  flights  for  Inco  718.  The  results  of  the  tests  are  listed  in  Table  20 

and  shown  in  Figure  78.  The  test  lives  were  considered  to  be  satisfactory  for 

the  purpose  of  the  test  program  and  so  the  loading  histories  defined  for 
Spectra  C  were  established  as  the  standard  for  the  program. 

To  replace  the  fusion-welded  specimens  in  the  series  of  spectrum  loading 
tests  specimens  with  mechanically  fastened  joints  were  considered.  However, 
the  retention  of  a  form  of  welded  attachment  waB  believed  to  be  desirable. 
Therefore,  exploratory  tests  of  spotwelded  specimens  were  undertaken. 

The  geometry  of  the  multi-spot  specimens  use(i  in  the  initial  tests  is 
shown  in  Section  IV,  and  the  details  of  the  spotwelding  procedure  are  presented 
in  Appendix  I.  Several  8-1-1  titanium  specimens  of  this  type  were  prepared  and 
tested  using  repeated  constant  amplitude  loadings  and  flight-by-flight  loadings 

The  S-N  type  test  results  are  listed  in  Table  21  and  are  presented 
graphically  in  Figure  79  where  they  may  be  compared  with  data  for  notched 
specimens.  The  flight-by-flight  test  lives  are  shown  in  Figures  74,  75  and  78. 
The  relatively  short  test  lives  obtained  in  both  types  of  test  led  to  the 
selection  of  a  second  specimen  type  having  a  single  spotweld.  This  type  of 
specimen  simulates  the  situation  in  structure  in  which  a  transverse  stiff¬ 
ening  member  is  attached  to  skin  by  a  single  row  of  spotwelds. 
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Several  specimens  of  this  geometry  were  prepared  and  tested  at  room 
temperature.  The  S-N  type  test  data  obtained  are  listed  in  Table  21  and 
shown  in  Figures  79  -  8l  and  the  type  of  failure  is  shown  in  Figure  82.  The 
fl ight -by -flight  test  lives  are  shown  in  Figures  74  and  78.  These  latter 
results  indicated  that  use  of  this  type  of  specimen  would  provide  informative 
data  and  that  the  test  lives  would  be  more  nearly  compatible  with  those  of 
notched  titanium  specimens  than  the  lives  obtained  for  fusion- welded  specimens. 
A  reasonable  compatibility  of  test  lives  was  considered  desirable  for  different 
types  of  specimens.  This  will  be  particularly  important  in  the  real-time 
tests  of  material  stability. 

Upon  completion  of  the  accelerated  tests  at  room  temperature,  additional 
sets  of  specimens  were  tested  at  a  constant  temperature  of  550  F  using  the 
Spectra  C  loading  tapes. 

The  intent  of  these  tests  was  to  establish  probable  lower  boundaries  of 
the  test  lives  to  be  obtained  in  later  tests  in  which  a  temperature  cycle  iB 
required  during  each  flight.  The  results  of  these  tests  are  listed  in 
Table  22  and  shown  in  Figure  83.  A  comparison  of  these  results  with  those 
obtained  in  tests  at  room  temperature  shows  that  application  of  all  loading 
sequences  at  a  constant  temperature  of  550  F  produced  a  significant  reduction 
in  the  number  of  flights  to  failure . 

With  the  sets  of  base  line  tests  at  room  temperature  and  constant  ele¬ 
vated  temperature  complete,  tests  were,  undertaken  in  which  the  flight-by¬ 
flight  sequence  of  loadings  is  accompanied  by  the  flight-by-flight  sequence  of 
temperature  changes . 

Much  greater  importance  is  attached  to  these  tests  than  to  the  explor¬ 
atory  tests  carried  out  at  room  temperature  and  at  constant  elevated  temper¬ 
ature.  When  thermal  cycles  accompany  the  flight-by-flight  loading  sequences, 
the  most  realistic  conditions  are  represented  in  tests  of  minimum  duration. 

In  addition,  the  test  lives  obtained  in  these  tests  will  be  compared  with  the 
results  of  tests  of  much  longer  duration  in  which  real-time  at  temperature 
will  he  developed.  These  latter  tests  will  be  described  in  later  paragraphs. 
The  comparison  of  test  lives  in  these  two  types  of  test  will  provide  a  basis 
for  assessing  the  significance  of  SST  design  development  tests  which  must  be 
carried  out  in  minimum  calendar  tlmeB. 

For  these  reasons,  the  evaluation  of  the  flight-by-f light  test  data  is 
focused  on  the  results  of  the  tests  with  thermal  cycles. 

The  average  test  duration  of  approximately  55,000  flights  for  notched 
8-1-1  titanium  specimens  listed  in  Table  23  and  shown  in  Figure  84  establish 
a  standard  for  the  test  conditions.  By  comparison,  the  average  test  durations 
of  approximately  4,500  and  10,000  flights  shown  for  the  notched  Plfl.4-8  Mo  and 
Inco  7-bO  specimens  are  considered  to  demonstrate  the  marked  superiority  of 
the  8-1-1  titanium  material  in  S9T  airframe  applications.  The  data  for  the 
specimens  with  a  single  spotweld  indicate  that,  for  the  loading  conditions  and 
specimen  support  conditions  employed  in  these  tests,  the  endurance  of  the 
titanium  specimens 
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mens,  the  endurance  of  the  spotwelded  specimens  is  much  greater  than  that  of 
the  notched  specimens.  For  Inco  718  specimens  the  same  conclusion  is  believed 
to  apply.  Since  durations  greater  than  80,000  flights  were  obtained  in  tests 
of  Inco  718  spotwelded  specimens  at  room  temperature  and  at  a  constant  tempera¬ 
ture  of  550°F,  no  testing  with  thermal  cycles  was  undertaken. 


The  evaluations  of  materials  and  specimen  geometries  based  on  tests 
incorporating  flight-by- flight  sequences  of  loadings  and  of  minimum  time 
temperature  cycl.es  are  the  most  directly  applicable,  relatively  rapid,  evalua¬ 
tions  for  many  design  situations.  However,  the  total  time  at  temperature  in 
such  tests  is  quite  short.  The  tests  cannot  provide  assurance  that  the  inter¬ 
actions  of  loading  and  temperature  effects  occurring  over  a  long  period  of 
service  do  not  appreciably  affect  the  fatigue  resistance  of  the  materials. 

The  data  reported  under  Phase  I  on  the  effects  of  exposure  to  steady  load  and 
constant  temperature  for  5,000  hours  are  reassuring  hut  they  cannot  be 
accepted  as  adequate . 


To  provide  data  on  the  long  term  effects  produced  by  loading  sequences 
and  intermittent  exposure  to  elevated  temperature,  a  test  has  been  started. 

In  this  test  groups  of  six  notched  and  spotwelded  specimens  of  each  of  the 
materials  being  evaluated  are  being  exposed  to  flight-by-flight  loading 
sequences  with  approximately  o^e  hour  at  maximum  temperature  during  each  test 
flight.  The  time  at  temperature  was  selected  to  represent  the  average  time  in 
cruising  flight  anticipated  in  service  operations.  The  loadings  are  those 
defined  by  Spectra  C.  The  test  apparatus  developed  for  these  tests  is 
described  in  Appendix  IV. 

A  comparison  of  the  number  of  flights  endured  by  the  test  specimens  in 
this  test  with  the  number  endured  in  the  tests  with  minimum  time  at  temperature 
wi 11  ne  made.  This  comparison  will  provide  the  most  informative  indication  of 
the  effect  on  the  materials  of  long  exposure  to  elevated  temperature  under 
simulated  service  conditions. 


For  the  data  in  the  two  types  of  teBts  to  be  directly  comparable,  a  maxi¬ 
mum  test  temperature  of  550° F  was  initially  employed  in  the  tests  with  real 
time  at  temperature.  However,  detailed  information  on  the  temperature  distri¬ 
butions  anticipated  on  the  SST  indicate  the  applicability  in  this  long  term 
test  of  a  500° F  temperature.  The  test  temperature  was  changed  to  this  value. 
The  total  time  at  the  higher  temperature  was  approximately  600  hours.  The 
effect  of  this  change  in  test  temperature  on  the  test  life  comparisons  is 
believed  to  be  very  small.  In  the  very  short  total  times  at  temperature  in 
the  tests  carried  out  on  an  accelerated  basis,  the  relative  effect  on  test 
life,  of  maximum  temperatures  of  500  or  550° F  iB  probably  small. 

Continuation  of  the  tests  with  real  time  at  temperature  beyond  the 
period  covered  by  this  report  has  been  proposed.  As  of  December  31,  lySk, 
lb97  flights  have  been  applied  with  no  specimen  failures. 

To  provide  an  indication  of  the  utility  of  conventional  fatigue  test  life 
calcu.lations,  such  calculations  have  been  carx'ied  out  for  center-notched  speci¬ 
mens  and  are  reported  in  Appendix  IX.  They  indicate  the  need  for  use  of  a  very 
severe  representation  of  the  ground-air-ground  transition  cycle. 
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jn-n  load  aagnitadas  In  Spectra  B  were  80*  of  the  corresponding  loadings  defined  by 
Spectra 


NO  PRIOR  SOAK 


INDICATES  INCLUSION  OF  TESTS 
WITH  NO  FAILURE 


Figure  75.  Preliminary  Accelerated  Flight-by-Flight  Test  Results 
for  Spectra  B  at  Room  Temperature 
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77.  Unit  Flight-by- Flight  Loading  Sequences  and  Magnitudes  -  Spectra  C 


IPO 


NO  PRIOR  SOAK 


MATERIAL _ 8-1-1  TITANIUM  PH  14-8Mo  INCO  718 

TEST  TEMP.  ROOM 


I  SCATTER  BAND  FOR  TEST  RESULTS 

O  AVERAGE  TEST  RESULTS 

f  INDICATES  INCLUSION  OF  TESTS  WITH 
NO  FAILURE 


Figure  78.  Accelerated  Flight-by-Flight  Test  Results  for  Spectra  C  at  Room  Temperature 
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SPOTWELDE 

DOUBLE! 


TABIE  21  CONSTANT  LOAD  AMPLITUDE  FATIGUE  TESTS  AT  ROOM  TEMPERATURE 
SPECIMENS  CONTAINING  SPOTWELIED  DOUBIERS 


TRANSVERSE  GRAIN 
NO  PRIOR  SOAK 
R  =  0.1 


Specimen 

f 

■Lmax 

Cycles  to 

Material 

Specimen  Type 

(kei) 

Failure 

Multi 

60 

5,940 

Spotwelded 

40 

17,460 

Doubler 

50 

36,720 

Duplex -Anne ale d 

70 

12,420 

60 

21,600 

Single 

5° 

34,560 

Spotwelded 

4o 

72,720 

Doubler 

30 

169,740 

30 

226,260 

25 

10,000,000* 

no 

2o,100 

90 

70,740 

PH14-8MO 

Single 

80 

93,060 

(SRH  1050) 

Spotwelded 

70 

146,520 

Stainless  Steel 

Doubler 

60 

181,260 

60 

186,000 

50 

5,000,000* 

110 

23,500 

100 

28,800 

INCO  718 

Single 

90 

77,580 

Cold  Rolled, 

Spotwelded 

80 

170,460 

Aged  at  127 5 #F 

Doubler 

75 

139,500 

70 

92,700 

65 

124,580 

55 

256,500 

*No  failure 


A  A  .  n. 
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Rgure  79.  Comparison  of  S-N  Data  at  Room  Temperature 
Notched  and  Spofwelded  8-1-1  Titanium 


XDU1 

vaw  ssouo  -  i«!  j 


124- 


Figure  80.  Comparison  of  S-N  Data  at  Room  Temperature 
Notched  and  Spotwelded  PH  14-8Mo 
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Figure  81.  Comparison  of  S-N  Data  at  Room  Temperature 
Notched  and  ipotwelded  !NCO  718 


A,  Single -Spotwelded  Doubler 

B. .  Multi -Spotwelded  Doubler 


Figure  82,  Typical  Fractures  of  Spotwelded  8-1-1  Titanium 
Fatigue  Specimens 
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NO  PRIOR  SOAK. 


I  SCATTER  BAND  FOR  TEST  RESULTS 
O  AVERAGE  OF  TEST  RESULTS 
f  INDICATES  INCLUSION  OF 
TESTS  WITH  NO  FAILURE 


Figure  83.  Accelerated  Flight-by-Flight  Test  Results  for  Spectra  C 
at  Constant  Elevated  Temperature 


128 


NO  PRIOR  SOAK 


I  SCATTER  BAND  FOR  TEST  RESULTS 

O  AVERAGE  OF  TEST  RESULTS 

A  INDICATES  INCLUSION  OF 
T  TESTS  WITH  NO  FAILURE 


Figure  84.  Accelerated  FI  ight-by- Flight  Test  Results  for  Spectra  C 
with  Cyclic  Temperature 
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B.  FUSELAGE  LOADING  CONDITIONS 


In  the  tests  described  in  the  preceding  section,  the  load  magnitudes  and 
sequences  are  appropriate  to  lifting  surfaces.  In  other  portions  of  an  air¬ 
frame,  quite  different  conditions  occur  which  require  different  test  evalua¬ 
tions.  One  of  the  more  important  of  these  is  the  region  of  fuselage  skin 
which  is  loaded  principally  by  fuselage  pressurization.  A  reasonable  approxi¬ 
mation  to  the  significant  service  loadings  is  obtained  by  the  use  of  simul¬ 
taneously  applied  cycles  of  loading  and  heating.  The  test  loading  and  heating 
cycle  represents  the  cycle  of  hoop  tension  load  and  aerodynamic  heating 
produced  once  per  flight  in  service. 

To  provide  an  evaluation  of  the  effect  on  this  loading-heating  cycle, 
notched  and  fusion-welded  specimens  were  tested  in  specially  constructed 
apparatus  which  is  described  in  Appendix  IV.  Each  load  cycle  ranged  from 
approximately  zero  to  a  constant  tensile  maximum  and  each  temperature  cycle 
ranged  from  120°  F  to  550°F. 

Two  cycles  of  heating  and  cooling  were  produced  during  each  minute  of  test 
time  so  the  total  time  at  maximum  temperature  in  these  tests  was  relatively 
small.  To  obtain  an  indication  of  the  effects  of  extended  exposure  to  stress 
at  elevated  temperature  on  the  test  results,  an  additional  set  of  specimens 
was  tested  after  previous  exposure  under  constant  load  for  5,000  hours  at 
650° F.  The  exposure  conditions  for  these  specimens  were  the  same  as  those 
employed  for  the  sets  of  exposed  specimens  tested  under  Phase  I. 

The  S-N  data  obtained  under  the  Phase  I  teBting  indicated  the  need  for 
relatively  high  test  stresses.  However,  in  this  type  of  test  in  which  simple 
repetitions  of  constant  test  conditions  are  applied,  the  test  lives  obtained 
for  large  load  magnitudes  provide  assurance  of  much  longer  test  lives  at 
lower,  more  realistic,  magnitudes. 

The  results  obtained  in  these  testB  are  listed  in  Table  2k  and  shown 
graphically  on  Figures  85  through  90*  These  figures  also  present  conven¬ 
tional  S-N  Curves  for  specimens  with  and  without  prior  exposure.  The  S-N 
curves  were  taken  from  Volume  II, 

The  test  lives  for  all  specimens  indicate  that  very  long  test  durations 
would  he  obtained  at  the  lower  maximum  design  stresses  considered  to  be  suit¬ 
able  for  the  skins  of  pressurized  fuselages.  In  addition,  the  data  indicate 
that  prior  exposure  of  specimens  for  5000  hours  at  650°F  had  very  little 
effect  on  the  test  lives. 

Within  the  scope  of  the  data,  it  appears  that  the  test  lives  for  the 
conditions  in  this  type  of  test  could  be  predicted  reasonably  well  and  con¬ 
servatively  from  conventional  S-N  data  obtained  at  constant  temperature.  The 
ratings  of  the  materials  on  the  basis  of  stress  to  density  ratio  are  then,  the 
same  as  those  presented  for  the  S-N  testing  in  Phase  I.  In  other  words, 
duplex-annealed  8-1-1  titanium  sheet  is  rated  first  for  all  specimen  configura¬ 
tions.  PHIH-8M0  is  rated  second  for  the  fusion -welded  specimens.  For  the 
center-notched  specimens,  Inco  is  rated  second  in  the  high  stress  low  cycle 
range  while  PHl^- 8M0  is  rated  second  in  the  low  stress  high  cycle  range. 


TABLE  24  FUSELAGE  LOADING  TESTS  WITH  TEMPERATURE  CYCLES 

FROM  120  TO  550°F 


SPECIMEN 

MATERIAL 

SPECIMEN 
TYPE  (1) 

PRIOR 

SOAK 

MAX  STRESS  (kai) 

R«  0 

CYCLES  TO 
FAILURE 

3-1-1 

None 

70 

70 

7,750  (2) 
7,841  (2) 

Center 

Notched 

None 

60 

60 

mm 

25  ksi  at  650°F 
for  5000  hr 

65 

65 

6.662 

8,262 

Titanium 

Duplex 

Annealed 

Fusion 

Welded 

CUiU 

Planished 

None 

88 

88 

19,605  (2)" 
20,000  (2) 

Nond 

80 

80 

36,988 

7f,927  (3) 

25  kai  at  650°F 
for  5000  hr 

9? 

95 

1  /  Aft  1 

27,374 

FHU-8M0 

Center 

Notched 

None 

65 

65 

16,587  (2) 
22,598  (2) 

None 

60 

60 

26,010 

80,000  (4) 

40  kai  at  650°F 
for  5000  hr 

65 

65 

9,699 

12,362 

(3RH  1050) 

Stainless 

Steel 

Fusion 

Welded 

and 

Planished 

None 

130 

130 

8,490  (2) 
20,480  (2)  | 

None 

110 

no 

BHHM 

40  ksi  at  650°F 
for  5000  hr 

130 

130 

EM 

Center 

Notched 

None 

80 

80 

K£8£M91 

INCO  718 
Cold-Rolled 
Aged  at 
1275*R 

None 

76 

76 

SMI 

40  ksi  at  650°F 
for  5000  hr 

76 

76 

n 

Fusion 

Welded 

and 

j  Planished 

None 

120 

120 

■OE2EQ1 

mmzM&M 

None 

108 

108 

KaM 1 

40  kol  at  650°i 
for  5000  hr 

108 

108 

■ISB 

(1)  Transverse  grain,  all  specimens. 

(2)  Exploratory  test  results  . 

(5)  Failed  at  the  thermocouple  attachment. 
(4)  No  failure,  testing  stopped. 
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Loading  Test  Lives  with  S-N  Curves, 
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Fiaure  86  Comparison  of  Fuselage  Loading  Test  Lives  with  S— N  Curves, 
Unexposed  PH  1 4-8Mo 
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Figure  87.  Comparison  of  Fuselage  Loading  Test  Lives  with  S-N  Curves, 
Unexposed  INCO  71 8 
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CYCLES  TO  FAILURE 

Comparison  of  Fuselage  Loading  Test  Lives  with  S-N  Curves, 
Exposed  8-1  -1  Titanium 
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CYCLES  TO  FAILURE 

Comparison  of  Fuselage  Loading  Test  Lives  with  S-N  Curves, 
Exposed  INCO  718 
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In  the  test  work  previously  described  for  this  program,  no  provision  was 
made  for  evaluating  the  effect  of  contaminating  or  corrosive  agents.  A  series 
of  tests  was  therefore  undertaken  to  explore  the  effect  of  these  agents  on 
fatigue  test  durations  and  on  static  tensile  properties  of  the  materials  at 
elevated  temperature . 

Three  agents  were  used  in  this  study.  One  is  a  s  ‘Lb.n  bull’d.  ASTM  saline 
solution  used  for  such  tests,  the  second  is  a  super-refined  mineral  oil  pro¬ 
duced  to  MIL-0- 7277  which  is  considered  suitable  for  use  as  an  engine  lubri¬ 
cant,  and  the  third  is  a  synthetic  material  identified  as  Versilube  F-50. 

This  latter  material  offers  promise  of  satisfactory  use  in  the  hydraulic 
systems  on  supersonic  transports . 

In  one  series  of  fatigue  tests,  unnotched,  notched  and  fusion-welded 
specimens  were  tested  by  applying  one  amplitude  of  varying  load  at  a  stress 
ratio,  R  of  0.10,  and  a  temperature  of  650°F.  The  amplitude  for  each  type  of 
specimen  was  chosen  hy  referring  to  the  S-N  data  obtained  under  Phase  I  of 
the  program  to  avoid  unduly  long  test  times.  Before  the  start  of  the  test,  a 
potentially  contaminating  or  corrosive  material  was  applied  to  the  specimen 
test  section.  At  intervals  during  the  test  corresponding  to  approximately 
one  tenth  of  the  anticipated  test  duration,  the  oscillatory  loading  was  stopp¬ 
ed,  the  specimens  were  cooled  to  approximately  room  temperature,  and  the  con¬ 
taminant  or  corrosive  agent  was  reapplied. 

For  a  subsequent  set  of  tests,  three  specimens  of  each  o£  four  geometries 
in  each  material  were  loaded  hy  dead  weight  and  heated  to  550  F  intermittently 
for  a  total  exposure  time  of  approximately  1,000  hours.  At  intervals  of 
approximately  1^  hours  during  this  exposure,  the  loading  was  removed,  the 
temperature  was  returned  to  approximately  room  temperature,  a  contaminating 
or  corrosive  material  was  painted  on  both  sides  of  each  specimen  test  sect¬ 
ion,  load  was  reapplied,  and  the  temperature  returned  to  550  F. 

For  this  preconditioning  of  specimens,  the  simple  enclosed  loading  rack 
described  in  Appendix  IV  was  used. 

The  effect  of  this  preconditioning  on  resistance  to  repeated  loading  was 
evaluated  hy  constant  load  amplitude  tests  conducted  at  the  same  load  levels 
and  temperature  and  with  the  same  sequence  of  contaminant  application  as  that 
used  in  the  initial  tests  described  above. 

The  test  lives  obtained  in  these  two  sets  of  tests  are  listed  in  Tables 
25  through  30  and  are  presented  in  Figures  91  through  117  where  they  may  be 
compared  with  test  lives  obtained  in  the  absence  of  contaminants. 

An  examination  of  these  figures  shows  that,  with  the  possible  exception 
of  short-time  salt  waber  exposure  on  fusion-welded  titanium  specimens,  the 
exposures  to  contaminants  have  had  no  significant  effect  on  the  potential 
test  lives  of  the  specimens.  Since  exposure  of  the  fusion-welded  titanium 
specimens  to  salt  water  in  the  1000  hour  test  led  to  longer  specimen  test 
lives  which  fall  within  the  range  of  lives  for  unexposed  specimens,  there  is 
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probably  little  practical  significance  to  the  relatively  short  test  lives 
obtained  in  the  short  time  test. 

The  effect  of  the  exposure  to  contaminants  for  1000  hours  at  550°F  on  the 
static  tensile  properties  was  obtained  using  standard  tensile  strength 
specimens.  The  results  of  these  tests  are  listed  in  Table  31,  Page  174  and 
are  shown  graphically  on  Figures  ll8,  119  and  120,  where  they  may  be  compared 
with  results  obtained  for  specimens  which  were  not  so  exposed. 

The  data  show  that  Versilube  F-50  had  the  largest  effect  on  each  of  the 
materials  in  the  static  tests  at  65CTF.  The  ultimate  strengths,  when  compared 
with  the  average  test  data  obtained  after  exposure  for  1000  horn’s  at  650  F 
without  contaminants,  were  changed  by  amounts  ranging  from  plus  3  to  minus  11 
percent.  For  the  8-1-1  titanium  specimens,  the  yield  strength  waB  increased 
by  11  percent  and,  for  PHL4-MD  and  INC0  718  specimens  the  yield  strength  was 
reduced  by  11  and  5  percent,  respectively.  For  the  titanium  specimens,  the 
elongation  was  reduced  by  26  percent  and,  for  the  steel  and  nickel  alloy 
specimens,  the  elongation  was  increased  by  32  and  10  percent,  respectively. 

Five  of  the  constant  amplitude  loading  fatigue  test  specimens  were  sect¬ 
ioned  after  test  and  examined  at  20  and  200X  magnifications  for  surface  cor¬ 
rosion  and  subsurface  cracks  from  either  the  contaminant  or  from  the  test 
loading.  The  specimens  were  selected  on  the  basis  of  the  S-N  tests  to  re¬ 
present  either  the  longest  exposure  and  most  severe  test  loading  or  the  worst 
combination  of  material,  specimen  configuration  and  contaminant.  The  metal - 
lographic  structure  of  the  examined  specimens  which  are  Bhown  in  Appendix 
VIII  appeared  to  be  the  normal  ones  for  each  material  and  showed  no  evidence 
of  surface  corrosion,  intergranular  attack  or  subsurface  crackB. 

In  addition  to  the  constant  load  amplitude  fatigue  tests,  sets  of  two 
center-notched  specimens  of  each  material  were  subjected  to  contaminants  dur¬ 
ing  fllght-by-flight  sequences  of  loading  at  a  test  temperature  of  550  F.  In 
these  tests  the  loadings  were  those  defined  for  Spectra  C  in  Phase  II.  During 
each  test,  the  application  of  loadings  was  interrupted  and  the  specimens  were 
cooled  to  approximately  room  temperature  at  one  hour  intervals,  a  contaminant 
waB  reapplied,  the  specimens  were  reheated  to  550  F  and  loading  was  resumed. 
For  these  testa,  examination  of  the  data  previously  obtained  led  to  the  sel¬ 
ection  of  the  Mil-0-7277  oil  for  application  to  each  material  and  the  select¬ 
ion  of  salt  water  for  application  to  two  8-1-1  titanium  specimens. 

The  results  obtained  in  these  tests  are  Hated  in  Table  32,  Page  178 
and  those  obtained  for  exposure  to  oil  are  presented  graphically  on  Figure 
121  for  comparison  with  data  for  specimens  tested  without  contaminant.  The 
data  listed  in  the  table  show  that  neither  the  salt  water  nor  the  oil  had 
any  effect  on  the  test  lives  of  the  8-1-1  titanium  specimens.  The  comparisons 
shown  on  thiB  figure  indicate  that  exposure  to  oil  reduced  the  average  test 
lives  of  the  PKL4-0Mu  and  INC0  718  specimens  by  approximately  17  and  32  per¬ 
cent  respectively. 

In  view  of  the  small  number  of  test  specimens  and  the  severity  of  the 
test,  the  significance  of  these  results  is  questionable.  However,  the  type 
of  test  appears  to  provide  more  definite  indications  of  the  effects  of  con¬ 
taminant  than  those  provided  by  S-N  testing  with  its  larger  scatter  in  test 


TABLE  25  CONSTANT  AMPLITUDE  FATIGUE  TEST  DATA  AT  55O  AND  o50°F  WITH  CONTAMINANT 
ASTM  SYNTHETIC  SEA  WATER  APPLIED  DURING  TEST 
TRANSVERSE  GRAIN  -  NO  PRIOR  SOAK 


Max,  Stress 
(kai)  R  =  O.i 


Specimen 

Specimen 

Material 

Type 

8-1-1 

Titanium 

Duplex 

Annealed 


PHl4-8Mo 
(SRH  1050) 
Stainless 
Steel 


INCO  718 
Cold  Rolled, 
Aged  at 
1275 °F 


Center-Not  ched 


Fusion-Welded 


Center-Notched 


Unnot  ched 


Fusion-Welded 


Center-Notched 


Unnot  ched 


Fusion-Welded 


Test  Temp, 

Cycles  to 

(°F) 

Failure 

650 

12,780 

650 

16,740 

12,600 

650 

650 

1,000,000** 

650 

375,000* 

550 

43,200 

550 

26,640 

550 

236,340 

108,000 

126,5^0 

105,300 


607,860 

1,000,000** 

656,460 


*Failed  at  the  thermocouple  attachment 
**No  failure 


TABIE26  CONSTANT  AMPLITUDE  FATIGUE  TEST  DATA  AT  S50°F  WTTH  CONTAMINANT 
MIL-O- 7277  SUPER-REFINED  MINERAL  OIL  APPLIED  DURING  TEST 
TRANSVERSE  GRAIN  -  NO  PRIOR  SOAK 


Specimen 

Material 

Specimen 

Type 

Max.  Stress 
(ltsi  )  R  =  0.1 

Test  Temp. 

(°F) 

Cycles  to 
Failure 

8-1-1 

Titanium 

Duplex 

Annealed 

Center-Notched 

50 

650 

78,660 

305,460 

148,500 

Unnot  ched 

92 

650 

589,320* 

1,000,000** 

470,620 

Fusion-Welded 

80 

650 

1,000,000** 

126,540 

R9.240 
—  -  ) 

PHl4-8Mo 
(SRH  1050) 
Stainless 
Steel 

Center-Notched 

62 

650 

ll,l60 

10,800 

12,960 

Unnotched 

125 

650 

22,860 

30,060 

108,360 

Fusion-Welded 

115 

650 

419,220 

1,000,000** 

30,420 

INCO  718 
Cold 
Rolled, 
Aged  at 
1275°F 

Center-Notched 

60 

650 

178,380 

98,640 

135,180 

Unnotched 

i4o 

650 

137,340 

129,060 

134,460 

Fusion-Welded 

90 

650 

81,360 

52,740 

21,060 

*  Failed  at  the  thermocouple  attachment 

**  No  Failure 


TABLE  27  CONSTANT  AMPLITUDE  FATIGUE  TEST  DATA  AT  SSO°F  WITH  CONTAMINANT 


VERSILUBE  F-50  APPLIED  DURING  TEST 
TRANSVERSE  GRAIN  -  NO  PRIOR  SOAK 


Specimen 

Material 

Specimen 

Type 

Max,  StresB 
(ksi )  R  =  0.1 

Test  Temp, 
(°F) 

Cycles  to 
Failure 

Genter-Notched 

50 

650 

235,620 

179,100 

426,780 

8-1-1 

Titanium 

Duplex 

Annealed 

Unnotched 

92 

650 

1,000,000** 

1,000,000** 

95,760 

Fusion-Welded 

80 

650 

1,000,000** 

42,660 

27,720 

PHl4-8Mo 
(SRH  1050) 
Stainless 
Steel 

Center-Notched 

..... 

62 

650 

18,360 

1,000,000** 

14,220 

Unnotched 

125 

650 

6l4,88o 

561,240 

510, 300 

Fusion-Welded 

115 

650 

203,400 

£4,120 

34,200 

Center-Notched 

60 

650 

16,560 
,1,48, 500 
189,540 

INCO  718 

Cold  Rolled, 
Aged  at 

1275°F 

Unnotched 

i4o 

650 

140,940 

144,900 

77,580 

Fusion-Welded 

90 

650 

677,880 

40,140 

1,000,000** 

**No  Failure 
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TABLE  28  CONSTANT  AMPLITUDE  FATIGUE  TEST  DATA  AT  650°F  WITH  CONTAMINANT 
SPECIMENS  EXPOSED  TO  ASTM  SYNTHETIC  SEA  WATER  BEFORE  AND  DURING  TEST 


Specimen 

Material 

Specimen 

Type 

Prior 

Soak 

Max.  Stress 
(ksi) 
R=0.1 

Cycles  to 
Failure 

Center-Notched 

50 

109,620 

356, 580 
267,480 

0-1-1 

Titanium 

Duplex 

Annealed 

Unnotched 

1000  HRS  AT  25 
ksi  and  550  F 

92 

turn 

Fusion-Welded 

80 

53,820 

773,100 

105,920 

PHIU-8M0 
(SRH  1050) 
Stainless 

Steel 

Center- Not  ched 

62 

18,180 

19,980 

10,620 

Unnotched 

1000  HRS  AT  Vo 
ksi  and  550  F 

125 

17,730 

135,180* 

895,680 

Fusion-Welded 

115 

62,820 

51,8V0 

Vl,58o 

Center- Notched 

60 

118,260 
l6o, 380 
150, 300 

INCO  718 

Cold  Rolled, 
Aged  at  1275°? 

Unnotched 

1000  HRS  AT  Vo 
ksi  and  55 O  F 

1V0 

B 

Fusior>- Welded 

90 

1,000, 000*-* 
1,000, 000** 
698, 000 

* 

** 


Failed  at  clamp 
No  failure 


TAB  IE  29  CONSTANT  AMPLITUDE  FATIGUE  TEST  DATA  AT'  650°F  WITH  CONTAMINANT 
SPECIMENS  EXPOSED  TO  MIL-O-7277  SUPER  REFINED  MINERAL  OIL  BEFORE  AND  DURING  TEST 


Specimen 

Material 

Specimen 

Type 

Prior 

Soalc 

Max.  Stress 
(ksi) 
R-0.1 

Cycle b  to 
Failure 

8-1-1 

Titanium 

Duplex 

Annealed 

Center-Notched 

50 

25,740 

24,120 

21,060 

Unnatched 

1000  HRS  AT  25 
ksi  and  550°F 

92 

18, 000* 
9,720 

78, 000* 

Fusion:- Welded 

80 

1,000,000** 

138,780*** 

1,000,000** 

PHl4- 8Mo 
(SRH  1050) 
StainleaB 

Steel 

Center- Notched 

1000  HRS  AT  40 
ksi  and  550  F 

62 

17,100 

18, 720 

Id, 020 

Unnotched 

125 

21,420 

10,260 

13,680 

Fus ion-Welded 

115 

1,000,000** 
1, 000, 000** 
1,000,000** 

INCO  718 

Cold  Rolled, 
Aged  at  1275 °F 

Center- Notched 

60 

169, 380 
131,760 
107,280 

Unnotched 

1000  HRS  AT  40 
ksi  and  550°F 

140 

78,480 

69,660 

70,200 

Fus ion-Welded 

90 

712,800 
730, 080 
1,000,000** 

*  Failed  at  thermocouple  attachment 

**  No  failure 

***  Failed  at  clomp 
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TAB  IE  30  CONSTANT  AMPLITUDE  FATIGUE  TEST  DATA  AT  650°F  WITH  CONTAMINANT 
SPECIMENS  EXPOSED  TO  VERSILUBE  F-50  BEFORE  AND  DURING  TEST 


Specimen 

Material 

Specimen 

Type 

Prior 

3oak 

Max.  Stress 
(ksi) 

R=0. 1 

Cycle b  to 
Failure 

8-1-1 

Titanium 

Duplex 

Annealed 

Centei^Notched 

50 

748, 800 

362, TOO 

Unnot  ched 

1000  HRS  AT,, 25 
ksi  and  550^ 

92 

349,000* 

35,280 

158, 000* 

Fusion- Welded 

80 

1,000,000** 

.1. ,  000,  000** 

1, 000, 000** 

PH14~8Mo 
(SRH  1050) 
Stainless 

Steel 

Center- Notched 

62 

1,000, 000** 
32, 040 
1,000, 000** 

Unnotched 

1000  HRS  AT  40 
ksi  and  550  F 

125 

10, 260 

8, 820 

11, 340 

Fusion- Welded 

115 

25,200 

38, 880 
19,620 

Center-  Not  ched 

60 

100, 080 
128,520 
118,980 

INCO  718 

Cold  Rolled, 
Aged  at  1275“ F 

Unnotched 

1000  HRS  AT  40 
ksi  and  55  OF 

i4o 

184,500 
63,360 
100, 44o 

Fusion-Welded 

90 

* 

** 


Failed,  at  thermocouple  attachment 
No  failure 
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CYCLES  TO  FAILURE 

Figure  91.  Effects  of  Salt  Water  on  S-N  Data  at  550  and  650°F,  Center-Notched  8-1-1  Titanium 


1W 


Figure  92.  Effects  of  Salt  Water  on  S-N  Data  at  650°F,  IJnnotched  8-1-1  Titanium 


Figure  93.  Effects  of  Salt  Water  on  S-N  Data  at  650°Ff  Fusion-Welded  8-1-1  Titanium 
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CYCLES  TO  FAILURE 

Figure  94.  Effects  of  MIL-0-7277  Oil  on  S-N  Dcta  at  650°F,  Center-Notched  8-1-1  Titanium 


151 


Figure  95.  Effects  of  MIL-0-7277  Oil  on  S-N  Data  at  650°F,  Unnotched  8-1-1  Titcnium 
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figure  96.  Effects  of  MIL-0-72 77  Oil  on  S-N  Data  at  650°F,  Fusion-Welded  8-1-1  Titanium 
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CYCLES  TO  FA  HIRE 

Figure  97.  Effects  of  Versilube  F-50  on  S-N  Data  at  650°F,  Center-Notched  8-1-1  Titanium 
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Figure  99.  Effects  of  Versilube  F-50  on  S-N  Data  at  650°F,  Fusion-Welded  8-1-1  Titanium 
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Figure  700.  Effects  of  Sait  Water  on  S-N  Data  at  650°F,  Center-Notched  PHl4-8Mo 
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Figuns  101 .  Effects  of  Salt  Water  on  S-N  Data  at  650°F,  Unnotched  PH  14-8Mo 
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Rgure  102.  Effects  of  Salt  Water  on  S-N  Data  at  650 °F,  Fusion-Welded  PH  14-8Mo 
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CYCLES  TO  FAILURE 

Figure  103.  Effects  of  MIL-0-7277  Oil  jn  S-N  Data  at  650°F,  Center-Notched  PHI4-8Mo 
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Figure  104.'  Effects  of  MIL-O-7277  Oil  on  S-N  Data  at  650°F,  Unnotched  PH  14-8Mo 


CYCLES  TO  FAILURE 

Figure  105.  Effects  of  MIL-0-7277  Oil  on  S-N  Data  at  650°F,  Fusion-Welded  PH  14-8Mo 
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Rgure  106.  Effects  of  Versilube  F-50  on  S-N  Dota  at  650°F,  Center- Notched  PH  14-8Mo 


Figure  107.  Effects  of  Versilube  F-50  on  S-N  Data  at  650° F,  Unnotched  PH  14-R  Mo 
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Figure  108.  Effects  of  Versilube  F-50  on  S-N  Data  at  650 °F,  Fusion-Welded  PH  14-8Mo 
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Figure  109.  Effects  of  Salt  Water  on  S-N  Data  at  650°F,  Center-Notched  INCO  718 


Heesii 

■nsIiassU 
liissiMsia 


»s==  =  ===ssf 


IsssaBBSca 


=  =  =  =  = 
iiizi 


Ibbbbs 


ISiii 


§fc  S 

gufc  zi 

X  **""  <C 
ON<-0 

zRgd? 


PiiiiiiiiliiSSgBSEg5pp5S5S3Sa3S3§ggg= 

asBSiiiiiiiiiiiiigliiiBigllililiiiiags 

555S5SBgB5BS5BaB5BBBBS5^55aS5BS@BE3E5 


Ir-mrsraKnisi-: 

Iggisigsgi 


isessssaE 


Hi 

Issi 

Issd 

paiHH 
III-. 

liil 

lii^H 

liiiinii 


Z^On  A 


====== 


■BBS 


I35SS 


iili 


iilliiiilill 

iiiiiiiiiiii 


?sigB@i?e@a 

SBeissasi 


□  SSSSSb: 


-  ol 

=mM 


iiiiiiiiiiilgliiiiiiir^iilii 


zmsafcismmrtti 


-- 


Si 


s^stsp 


a@a9SBBS*3^1 

BgaagSBBgiigSBl 


iliilillilll^^lllliiiili 


Isggggi 


=|=====£ci 


z 

o 

U  uj  yj 

s  i  i 


IS5E 


m 


85  85 

I—  h- 
1 1 


<  < 

to  WO 


laaiEtssaegBaaaEa* 


■SBiai 

i  >  aanatsoiaE 


gssaaessgiiigggsisgagggiai 

ISliiiiiiliillliaili^gliiliilliiillil I 

|HBHSB!SK5BISiaaeaes@aSSSS-  ,  ^S@aSa^B90BSPBsg 


ISiliSigilll 


ae@sapsa 

sssiiiii 


gessB.'i^ss^a  saBs^sgs 


[isj| 


M  ■  iSlSlglia 

iiiipiiigiilii 


■■ilililiiiliiiiBiiliiil 


ill! 


sees 


i 

9HBE 


SIS 


IlflE! 


BBBHBSBEBSH1SS 


111! 


II 


sseas 


IBB 


iliSIillil 


lllggiliiiiiiiiiiiliiiiiiilii 


d  j2  “ 
Z  $2 


o 

I  O  □ 

>- 

l/) 


e 

ix.  b 

IO  J-|_ 

Sg< 

UJ  ^  Oto 

o  gjg 

Z  §2$ 


<3  O 


gBBMlpi 


llBBBBBSpBBlBiiiiiiiiiilllliSliBgiiBIBBlSgBgillglBlBii 

iBSiSggfiaSiliiliillliiillliliillliiillliiiiiliiigiiiii 

IlilgBiSBIBiBiliiiiliigiiBISiiiiiliiiBlSilBISBiiiliiSil 

IIIHIIIIIIIillisiillUlillillllllllllllllHlIllllIRi! 


iBSBBBBBBgai 


ill 


|S>]  XDlU  j 


166 


Rgure  1 10.  Effects  of  Salt  Water  on  S-N  Data  at  650°F,  Unnotched  INCO  718 
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Figure  111.  Effects  of  Sait  Water  on  S-N  Data  at  650°F,  Fusion-Welded  INCO  718 
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Figure  112.  Effecrs  of  MIL-0-7277  Oil  on  S-N  Data  at  650°F,  Center-Notched  INCO  718 
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CYCLES  TO  FAILURE 

Figure  113.  Effects  of  MIL-0-7277  Oil  on  S-N  Data  at  650°F,  Unnotched  INCO  718 


Figure  114.  Effects  of  MIL-0 -727/  Oil  on  S-N  Data  at  650°F,  Fusion-Welded  INCO  718 
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Rgure  115.  Effect  of  Vervlube  F-50  on  S-N  Data  at  650°F,  Center-Notched  fNCO  718 


u. 

D 

< 

U- 

o 

I— 

t/1 

UJ 

_J 

u 

>- 

u 


!s>l 


XDIU 


i 


l-(2 


I 


Figure  116.  Effects  of  Versilube  F-50  on  S-N  Data  at  650°F,  Unnotched  INCO  718 


z 
o 

u  % 

£  O 

£  Z 


LU  LLi 
CO  C 0 

3  3 

-J  -J 
00  00 
85  65 
>  > 


■gggggggggggggggggggggggggggi 

IMMMlMtlllMMlMMlllMI 

^■igiiaas3i;aiiegBses^gaei§^ii 
FBBBgSBSBBSSVaSBSBBBBSaiaBSBSB 

||sss==H=sLSi=3Ss=ss=Sl===a3sai 

iiiiiiliiiilliiiiiiiilliiiiiil 

isi8isi§geassgsisieiiiggggsisg 

■IMBiBigsaBasasBssBSBSBBaaisggaB 

|i=====3isli=lliigiliiil=llliil 


: 5555555555 s£35£5555S I 
jgfsBsaasssgesBasBsaa 
mhmhb:::::: 


<§£ 


§  SfSfE 
z  355 


|lali§3=;_='5  __  _ 


 ..j™P^=i=P§ 

4  si  lSM^a6ss==§l 


[»BB©aaBiiH«SiiaEasie^Bga|=iia!s3SSBSEsaE3e^B 
8Riig@Si^iggiaggi^giigggeiS5g^s 

gaaaaB'oniBBgagessggggiagiggigsggg 

■ili  B  MilMlBHHIilBBiiaHiSiaS 

iliiliiiillSlilllli 

. ■■■IBeSBBSgE 


o  O 


111 

ill 


psiiiiriipi 

[BSdegsiaByrilSH 

liaaeagBPigil 

ilglgipg^llgl 


iiiinSiiiill 


gilltiassill 

|Iii!!IiI!iI!iiili!ggip3ilIIII 

liSiiiiiillgggggi^^^ 


e  a!  assasM® 

aaaiigiasiBil 

iSiliSlSIIiii 


KsSHiiliiagaagsi  a 
iigasBiagiiBgaaBii 
illllSiilllliiglll 


S  So-  a 

QqOn  3 
2“u<n  d 

^icov  * 

ZZk<  ^0 

2So  gd? 

II  T 

doC  —  <c£  I 


iPUgjatsegMg 

■saiisii 

plilliBI 

liSBBSBS 

iiiliill 

i 


mmms&mm s 

gggggggg 

iiiiaiig 


■aaiaBasias&-^=assggia§sssagysg^MJ{^fBBIBaiga^g 

MiliilillllllolIIIgllllilllilligilllilllllil 

■nr 


173 


Rgure  117.  Effects  of  Versilube  F-5Q  on  S-N  Data  at  650°F,  Fusion-Welded  INCO  718 


TABLE  31  STATIC  TEST  DATA  AT  650  F  WITH  CONTAMINANT 
PLAIN  SPECIMENS  WITH  PRIOR  EXPOSURE  TO  STRESS  AND  CONTAMINANT  AT  550°  F 


Material 

Gage 

(Nom.) 

Prior 

Soak 

Contaminant 

/tu 
(ksi ) 

e* 

<*) 

8-1-1 

Titanium 

Duplex 

Annealed 

.050 

Salt  Water 

108.3 

109.1 

111.7 

87.6 

86.2 

90.1 

10,0 

12.0 

10.5 

1000  HRS 

AT  25  ksi 
AND  550  F 

MIL- 0-7277 
oil 

108.3 

111.5 

108.5 

85.8 

90.3 

86.2 

10.5 

9.5 
9.5 

VerBilube  F-50 

117.9 

116.4 

119.2 

99.1 

97.1 
99.4 

7.5 

8 

8 

PHl4-8Mo 
(SRH  1050) 
Stainless 
Steel 

.025 

.1000  HRS 

AT  40  kai 
AND  550°F 

Salt  Water 

188. 5 
188.5 
184.0 

169.3 

166.4 
163.9 

2 

2 

■2.5 

MIL- 0-7277 
oil 

166. 8 
162.7 

170.9 

2 

2 

2 

Versilube  F-50 

174.3 

175.0 

177.0 

159.3 

158.4 
164.8 

4 

4 

2 

INCO  718 

Cold  Rolled, 
Aged  at 

1275°F 

.02S 

1000  HRS 

AT  40  ksi 
AND  550°F 

Salt  Water 

196.8 

197.7 

196.5 

H 

9 

7.5 

6.5 

MIL- 0-7277 
oil 

182.9 

182.9 

178.3 

6.5 

6 

7.5 

Versilube  F-50 

192.3 

191.6 

188.6 

178.3 

176.6 

173.1 

9 

8 

6 

*  2-in.  Rage  length 
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Figure  119.  Effects  of  Prior  Soak  with  Contan.nants  on  Static  Tensile  Properties,  Plain  Specimens, 
PH  14-8Mo 
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Figure  120.  Effects  of  Prior  Soak  with  Contaminants  on 
1NCO  718 


TABLE  32  ACCELERATED  FLIGHT -BY-FLIGHT  TEST  RESULTS  FOR  SPECTRA  C 
WITH  CONI  AMINATS  AT  550°F,  NO  PRIOR  SOAK 


SPECIMEN 

MATERIAL 

SPECIMEN 

TYPE 

REi*’.  lg 
STRESS 
(ksi) 

CONTAMINANT 
APPLIED 
DURING  TEST 

TIME  AT 
550°F 
(hr) 

NO.  OF  FLIGHTS 

TO  DEVELOP.  OF 
VISUAL  CRACKING 

8-1-1 

Titanium 

Duplex 

Annealed 

Center 

Notched 

25 

MIL-0-7277  Oil 
MIL-0-7277  Oil 
Salt  Water 

Salt  Water 

25.8 

26.4 

25.9 

25.9 

17,200 

17,600 

17,250 

17,250 

PHl4-8Mo 
(SRH  1050) 
Stainless 
Steel 

Center 

Notched 

4o 

MiL-0-7277  Oil 

MIL-0-7277  Oil 

B 

2,300 

2,900 

INCO  718 
Cold 

Rolled, 

Aged  at 
1275°f 

Center 

Notched 

bo 

MIL-0-7277  Oil 
MIL-0-7277  Oil 

m 

7,200 

8,900 
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NO  PRIOR  SOAK 


NO.  OF 
SPECIMENS 


MATERIAL 


8-1-1  TITANIUM  PH  14-8Mo 


INCO  718 


CONTAMINANT 

APPLIED 

DURING  TEST 

NONE 

MiL-0- 
7277  OIL 

NONE 

MIL-0- 
7277  OIL 

NONE 

MIL-0- 
7277  OIL 

TEST 

TEMPERATURE 

550°  F 

550°  F 

550°F 

550  °F 

550  °F 

550  °F 
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SECTION  6 


CONCLUSIONS 


1.  For  the  range  of  specimen  exposure  and  teat  conditions  covered  by  the 
fatigue  test  program,  8-1-1  duplex- annealed  titanium  sheet  specimens 
showed  marked  superiority  for  SST  airframe  applications  over  specimens 

of  PHlh-8Mo  (SRH  1050)  steel  and  Inco  718  cold  rolled  20  percent  and  aged. 

2.  The  test  data  re-emphasize  the  variations  in  comparative  evaluations  of 
materials  due  to  the  use  of  differing  types  of  test.  For  all  fatigue  tests 
carried  out  by  the  application  of  constant  load  amplitudes,  an  examination 
of  the  fatigue  strength  to  density  ratios  leads  to  the  following  ratings. 


RATING  OF  MATERIALS  BASED  ON  S-N  DATA 


RATING 

TYPE  OF  SPECIMEN 

CENTER 

NOTCHED 

UNNOTCHED 

FUSION-WELDED 
&  PLANISHED 

LOW  STRESS 

1 

3-1-1  TITANIUM 

8-1-1  TITANIUM 

8-1-1  TITANIUM 

HIGH  CYCLE 

2 

INCO  718 

INCO  718 

PH  14-8Mo 

RANGE 

3 

PH  14-8Mo 

PH  14-8Mo 

INCO  718 

HIGH  STRESS 

1 

8-1-1  TITANIUM 

8-1-1  TITANIUM 

8-1-1  TITANIUM 

LOW  CYCLE 

2 

PH  14-8Mo 

PH  14-8Mo 

PH  14-8Mo 

RANGE 

3 

INCO  718 

INCO  718 

INCO  718 
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For  the  tests  carried  out  by  the  application  of  flight-by-flight  sequences 
of  varying  load  amplitudes,  the  data  for  center-notched  specimens  lead  to 
the  simpler,  more  clearly  defined,  rating  of  8-1-1  titanium,  Inco  Jl8  and 
PHl4-£Mo,  in  that  order.  For  fusion-welded  specimens,  the  data  for  all 
materials  in  this  type  of  test  indicate  very  long  potential  service  lives. 
For  the  specimens  with  single  spotwelds  which  were  added  in  this  type  of 
test,  the  data  show  test  .lives  for  8-1-1  titanium  specimens  which  were 
slightly  less  than  those  for  center-notched  specimens  while  the  data  for 
such  spotwelded  specimens  in  both  of  the  other  materials  showed  much 
longer  test  lives  than  those  for  the  notched  specimens. 

The  data  obtained  in  the  static  tensile  tests  did  not  correlate  with  the 
fatigue  test  data.  For  example,  exposures  of  Inco  718  specimens  to  steady 
load  at  elevated  temperature  had  little  effect  on  static  tensile  properties 
but  they  had  significant  effects  on  S-N  data. 

3.  For  all  of  the  materials,  the  S-N  data  obtained  after  stressed  exposure 
to  elevated  temperatures  for  periods  up  to  5000  hoars  Indicated  non- 
uniform  trends  in  the  resistance  to  repeated  loadings.  These  trends  may 
indicate  changes  in  the  stability  of  the  materials.  However,  the  data 
for  each  material  are  based  on  testB  of  a  relatively  small  number  of 
specimens  taken  from  BheetB  of  a  single  thickness  produced  from  a  single 
heat  and  tested  in  a  type  of  test  which  is  expected  to  produce  large 
scatter  in  test  data.  A  rating  of  the  materials  on  the  basis  of  their 
indicated  stability  in  these  tests  is  not  Justified.  An  informative 
rating  of  material  stability  will  be  provided  by  the  results  obtained  in 
the  tests  in  which  flight-by-flight  sequences  of  loading  are  being  applied 
with  approximately  one  hour  at  500°F  during  each  "flight." 

4.  Relatively  crude  measurements  of  creep  elongations  on  unnotched  rectangu¬ 
lar  specimens  after  exposure  under  moderate  load  for  5000  hours  at  400°F 
or  650°F  were  made.  The  measurements  showed  essentially  zero  creep  for 
the  8-1-1  titanium  and  Inco  718  specimens  and  very  small  values  for  the 
PHl4-8Mo  specimens. 

5-  Center  notching  of  specimens  after  exposure  for  5000  hours  at  40C'°F  or 

650°F  under  moderate  load  had  no  effect  on  S-N  data  for  PID.4-8MO  specimens 
but  produced  slightly  lower  test  lives  for  8-1-1  titanium  and  Inco  718 
specimens . 

6.  Comparisons  of  the  data  obtained  in  this  program  with  data  reported  by 
Boeing-North  American  under  contract  AF33(657)-ll46l  showed  that  shorter 
test  lives  were  obtained  for  the  transverse  unnotched  specimens  used  in 
this  program  than  those  for  the  longitudinal  specimens  tested  by  Boeing- 
North  American.  The  agreement  between  the  two  sets  of  S-N  data  for  fusion 
welded  specimens  is  considered  to  be  good. 

7>  In  tests  using  one  set  of  fuselage  loading  conditions  in  which  a  cycle  of 
load  representing  fuselage  pressurization  was  applied  simultaneously  with 
a  thermal  cycle  representing  the  effect  of  aerodynamic  heating,  the 
results  Indicate  that  conventional  S-N  data  obtained  at  constant  tempera¬ 
ture  can  be  used  to  conservatively  predict  the  results  in  the  more  complex 
test. 


8.  Intermittent  application  of  synthetic  sea  water,  MIL-O-7277  Mineral  oil 
or  Versilube  F-50  during  1000  hours  of  exposure  to  moderate  load  at 
550°F  had  no  significant,  consistent,  effect  on  the  constant  load  ampli¬ 
tude  test  lives  subsequently  obtained  for  any  material-specimen  geometry 
combination.  However,  in  a  limited  series  of  tests  in  which  contaminants 
were  intermittently  applied  during  the  application  of  flight-by-flight 
loading  sequences  at  a  constant  temperature  of  550°F,  more  clearly  defined 
effects  were  obtained.  In  these  tests,  the  mineral  oil  was  applied  to 
center  notched  specimens  of  each  material  and  salt  water  was  applied  to 
center  notched  8-1-1  titanium  specimens.  In  comparison  with  the  test 
lives  obtained  without  contaminant,  the  application  of  the  mineral  oil 
reduced  the  test  lives  of  center  notched  specimens  of  Inco  718  and  PHl4-9Mo 
by  32  and  17  percent,  respectively.  The  application  of  neither  synthetic 
sea  water  nor  the  mineral  oil  had  any  effect  on  the  test  lives  for  center 
notched  specimens  of  8-1-1  titanium. 

In  static  tensile  tests  of  unnotched  specimens  at  650*F  after  the  1000-hour 
exposure  to  contaminants  at  550*?*  small  effects  were  produced  by  the 
contaminants . 

9.  Metallographic.  examination  of  selected  test  specimens  indicated  that  none 
of  the  test  or  exposure  conditions  including  those  with  contaminants  had 
produced  evidence  of  surface  corrosion,  intergranular  attack  or  subsurface 
cracking . 


18.3 


SECTION  7 


EEC  QMMENDATIONS 


1.  Because  of  the  superiority  demonstrated  in  the  test  program  hy  8-1-1 
duplex -annealed  titanium  sheet  specimens, it  is  recommended  that  additional 
fatigue  testing  of  this  material  in  different  sheet  gages  and  of  material 
from  different  heats  he  undertaken. 

2.  Because  of  superiority  demonstrated  hy  the  8-1-1  titanium  sheet  material, 
it  is  recommended  that  testing  of  other  titanium  alloys  and  other  titanium 
forms,  such  aB  extrusions  and  forgings,  be  vigorously  pursued. 

3-  Because  of  the  trends  demonstrated  for  all  materials  and  specimen 

geometries  hy  the  fatigue  test  data  after  increasing  times  of  exposure 
to  load  and  elevated  temperature,  It  is  recommended  that  the  effects  of 
longer  exposures  to  such  conditions  he  undertaken. 

4.  Because  of  the  smaller  test  scatter  and  the  more  direct  applicability  in 
many  design  situations  of  material  comparisons  based  on  the  results  of' 
spectrum  loading  tests  using  flight-by-flight  loading  Bequenc.es,  more 
extensive  use  of  such  tests  is  recommended. 

5.  To  obtain  the  necessary  comparison  of  the  number  of  flights  obtained  in 
tests  with  real  time  at  temperature  with  those  obtained  in  tests  with 
minimum  time  at  temperature,  continuation  of  the  "real  time"  tests  is 
recommended. 
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APPENDIX  I 


TEST  SPECIMEN  PREPARATION 


8-1-1  TITANIUM 

Specimen  blanks  were  sheared  rrom  sheets  of  duplex-annealed  8-1-1  ii la- 
nium,  fusion  welded  as  required,  and  machined.  The  fusion  welding  procedure, 
the  equipment  and  the  results  of  visual  inspection  and  inspections  using  dye 
penetrants  and  X-rays,  are  shown  in  Table  33-  Tills  Table  also  contains  the 
results  of  static  tests  of  weld  quality.  A  typical  photomacrograph  and 
photomicrographs  of  the  fusion-welded  grain  structure  are  presented  in 
Figure  122,  Page  191. 

For  spotwelded  specimens,  welding  schedules  were  developed  to  obtain 
nugget  diameters,  nugget  penetration  and  shear  strengths  similar  to  those 
obtained  in  the  Boeing  North  American  Joint  Venture  under  Contract  AF  33(657)- 
ll46l,  "Welding  Characteristics  of  SST  Skin  Materials".  All  coupons  were 
wire-brushed  locally  in  the  area  to  be  welded  and  then  wiped  clean  with 
isopropyl  alcohol.  For  each  of  the  spotveld  schedules,  three  single-spot 
shear  specimens  and  one  metallurgical  section  were  made  and  evaluated  prior  to 
the  welding  of  the  fatigue-test  specimens.  The  weld-schedule  development  data 
and  specimen-fabrication  data  are  given  in  Table  34. 

No  additional  heat  treatment  or  aging  of  specimens  was  performed.  Before 
testing,  the  unnotched,  notched,  and  fusion-welded  specimens  were  cleaned 
according  to  Lockheed  Process  Bulletin  C-362-M  which  defines  the  following 
steps . 

1.  Soak  in  hot  alkaline  solution  for  fifteen  minutes. 

2.  Rinse  in  tap  water. 

3-  Pickle  in  nitric-hydrofluoric  acid  for  one  minute. 

4.  Rinse  in  tap  water. 

5-  Rinse  with  de-mi neralized  water. 

6.  Dry  in  hot  air  (;'00°F). 

This  cleaning  procedure  was  also  applied  to  specimen  blanks  before  spot¬ 
welding.  All  subsequent  handling  of  the  specimens  up  to  installation  in  the 
testing  machines  was  performed  while  wearing  clean  white  cotton  gloves. 


PIIL4-8Mo  STEEL 

The  shearing,  welding  and  machining  of  PHl4-0Mo  stainless  steel  specimens 
followed  the  pattern  described  above.  Details  of  the  fusion-welding  proce¬ 
dures  are  given  in  Table  33.  The  plain  specimens  were  heat-treated  to 
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SRH  1050  condition  after  machining.  The  fusion-welded  specimens  were  heat- 
treated  after  welding.  Their  metallographic  structures  are  shown  in  the  as- 
welded  condition  in  Figure  124  and  in  the  heat-treated  condition  in  Figure  125* 
Before  testing,  the  plain  and  fusion-welded  specimens  were  cleaned  according 
to  Lockheed  Process  Bulletin  C-364-M. 

The  heat  treating  and  cleaning  procedure  was: 

1.  Heat  to  1700  +  25° F  for  40  +  5  minutes. 

2.  Air  cool. 

3-  Within  10  hours  after  austenite  conditioning,  transform  at  -100°F 
for  8  to  9  hours  and  air-warm  to  room  temperature. 

4.  Precipitation  harden  at  1050  i  10°F  for  60+5  minutes  and  air  cool. 

5.  Clean  by  vapor  honing. 

The  specimen  blanks  for  the  spotwelded  specimens  were  heat-treated  and  cleaned 
according  to  the  above  schedule  before  the  welding  as  described  in  Table  3^-» 


INCO  718  NICKEL  ALLOY 

All  Inco  718  Nickel  alloy  specimens  were  aged,  with  the  aging  of  welded 
specimens  performed  before  welding.  The  aging  sequence  was  as  follows: 

1.  Solvent  cleo.n. 

2.  Heat  at  1275  ±  25° F  for  8  hours. 

3>  Furnace  cool  at  20°F/hour  to  1150°F. 

4.  Hold  temperature  at  1150°F  for  10  hours. 

5.  Air  cool. 

Details  of  the  fusion  welding  and  spotwelding  of  specimens  are  given  :i.n 
Tables  33  and  3^.  The  fusion-welded  metallographic  structure  shown  in 
Figure  123  is  typical  for  materials  aged  before  welding. 

Because  initial  attempts  to  spotweld  the  Inco  718  resulted  in  constant 
spitting  (metal  expulsion  at  faying  surfaces),  the  Tnco  coupons  were  given 
the  following  additional  cleaning  before  spotwelding. 

1. .  Hot  alkaline  clean  -  10  minutes. 

2.  Tap  water  rinse. 

3.  Pickled  in  nitric  hydrofluoric  acid  -  three  minutes. 

4 .  Rinse  in  cold  tap  water. 

'.A  Rinse  in  hot  tap  water. 

<>.  Hot  air  dry  -  200° F. 

Tli'u:  additional  cleaning  cycle  reduced  the  metal  expulsion  tendency  but  did 
no  l,  ei  i  minute  it. 

In  the  preparation  of  the  Inco  71.8  static  test  specimens  used  in  the 
initial  evaluation  of  the  materials  response  to  aging,  cleaning  wn.s  not 
required  after  aging.  However,  staining,  occurred  'hiring,  the  aging  of  the 
large  number  of  specimens  required  for  the  main  test  program.  These  stains 
were  removed  from  tile  specimen  test  area  by  light  vfijiui  honing. 
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TABLE  33  FUSION-WELDED  SPECIMEN  FABRICATION  DATA 


MATERIAL 

.050  8-1-1  Ti 

. 025  PH14-8MO 

.025  INCO  718 

Condition  when  welded 

Duplex- Annealed 

Annealed 

Aged 

Length  (in  ) 

88.5 

44 

70.5 

Edge  Prep. 

Draw  Filed 

Draw  Filed  8s  Sand 

Draw  Filed  8s  Sand 

Cleaning  Solvent 

Acetone 

Acetone 

Acetone 

Etchant 

48MO3-4HF 

None 

None 

Filler  Wire 

None 

.020  ARMCO  lit- 8 

Nune 

WELDING  DATA 

TIG  Automatic  DC 

TIG  Automatic  DC 

TIG  Automatic  DC 

Amps 

75 

87 

46 

Voltage  or  Arc  Gap 

11. 5  volts 

7*25  volts 

3/64  in.  gap 

Hold  Down  Pres. (psi) 

30 

20 

20 

Weld  Vel. (in/min. ) 

5.5 

31 

30  1/2 

Wire  Vel. ( In/min. ) 

None 

23 

None 

Electrode  dia.  (in  ) 

l/l6 

l/l6 

Electrode  type 

2  <f  Th 

2  <1o  Th 

2  %  Th 

Shielding  Gas 

75A/25He 

100A 

42A/58He 

Shielding  Gas  Flow 

40  CFH 

15  CFH 

12  CFH 

Back  up  Gas 

Argon 

None 

Argon 

Weld  Equipment: 

Miller  SR200 

Weldtronic  600 

Miller  330A/BF 

Package  Weld 

Torch  Type 

Linde  HW-13 

Airco  M-50 

Linde  HW-13 

Stake  Type 

AW8cE  FAL  11313 

AW8cE  FAL  11313 

ROLL  PLANISH  PRESSURE 
(1  PASS  EACH  LOCATION) 


TESTS  OF  WELDED  SAMPLES 
FOR  WELDING  MACHINE  SET-UP 


33  lb  -7Vt-35  lb 


Bend  Angle 

l80°  (N.F.) 

l80°  (N.F.) 

l80°  (N.F.) 

Bend  Radius 

7-1/2  to  10T 

4T 

4t 

Avg.  of  3  Ftu  ( ksi) 

147.88  ±  1$ 

137.83  ±  1 1o 

144.55  ±  3% 

Avg.  of  3  Fty  ( ksi) 

146.88  +  0 % 

61.97  ±  4$ 

96.65  ±  1$ 

Fracture  Location 

All  base  metal 

All  in  center  of  weld 

NOTE:  All  welds  were  subjected  to  10C$  radiographic  inspection 
per  LAC  Process  Specification  1422 

N.F.  No  failure 
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TABLE  34  SPOTWELEED  SPECIMEN  FABRICATION  DATA* 


MATERIAL 

8-1-1  ■] 
(.050 

SINGLE 

SPOT 

Pitanium 

-.050) 

MULTIPLE 

SPOT 

PH  14-8MO 
(.085-. 025) 

INCO  718 
(.085- .025) 

Machine  Number 

Transformer  Tap 

Welding  Force  -  lb. 

Squeeze  -  Cycles 

Heat-Phase 

Pulse  Cycles 

Weld  Cycles 

Cool  Cycles 

Hold  Cycles 

7 

Parallel 

1115 

30 

50$ 

4 

4 

1.5 

30 

7 

Parallel 

1115 

50$ 

4 

4 

1-5 

30 

7 

Parallel 

1257 

30 

55$ 

2 

2 

1.5 

30 

22 

Low  Range 
1500 

30 

230  Volts 

3 

2 

1.0 

50 

Electrodes 

(Top  &  Lower  Electrode 
the  Same) 

Class 

Shank  Diameter 

Tip  Diameter 

Tip  Radius 

Nugget  Diameter  (Average) 
Penetration  $  (Average) 

X-Ray  Quality 

EWMA  III 
5/8" 

3/8" 

3" 

.187 

75 

Not 

X-Rayed 

RWMA  III 

5/8" 

3/8" 

3" 

0.220 

75 

Clear 

HWMA  III 

5/8" 

3/8" 

3" 

.108 

56 

Clear 

RWMA  III 

5/8" 

3/8" 

8" 

.125 

60 

*■# 

Condition  When  Welded 

Duplex 

Annealed 

Duplex 

Annealed 

Heat 

Treated 

Aged 

Teat  Condition 

As -Welded 

As-Welded 

As -Welded 

As -Welded 

Single  Spot  Shear  Strength 
(lb.) 

Specimen  1 
Specimen  2 
Specimen  3 

Lbs/Specimen  Average 

Range  Lbs. 

Variation 

Number  of  Fatigue 

Specimens  Welded 

2400 

2500 

2500 

2466 

100 

.04 

6o 

2950 

2950 

3000 

2965 

50 

0.017 

12 

860 

860 

870 

863 

10 

.01 

60 

1140 

1-120 

1050 

1103 

90 

.08 

60 

*Thc  8-1-1  titanium  an d  PH  l4-QMo  specimens  were  welded  on  a  Federal  three-phase 
75  KVA,  press  welder  (CALAC  Machine  #  J )  and  the  INCO  718  specimens  were  welded 
on  a  Sc laky  three-phase,  75  KVA,  rocker  arm  welder  (CALAC  Machine  #22). 

**Approximately  50$  of  specimens  Indicated  slight  metal  expulsion  at  faying  plane. 
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Base  Metal  Base  Metal  (Right)  -  Heat-Affected  Weld  Metal 

(Mag.  280X)  Zone  Interface  -  (Mag.  280X)  (Mag.  280X) 

Typical  metal lographlc  structure  of  .050"  8-1-1  titanium  welds.  Welded  in  duplex 
annealed  condition.  Planished  after  welding.  Shown  as  planished.  Etchant  -  4%  nitric 
2%  hydrofluoric  acid.  _ __ _ 

Figure  122.  Typical  Metallographic  Structure  of  Fusion-Welded  8-1-1  Titanium 


Weld  Metal 
(Mag.  280X) 


Affected 


Cross-Sectional  View  (Mag.  35X) 


Base  Metal  (left) 
Heat-affected  zone 
interface.  (Mag.  280X) 


Weld  Metal 
(Mag.  280X) 


Weld  Metal  (left) 
Heat-affected  zone 
interface.  (Mag.  280X) 


Typical  metallographic  structure  of  .025"  Inco  718  weld.  Welded  in  20%  cold  rolled  plus 
aged  condition.  Planished  after  welding.  Shown  as  planished.  Etchant  -  Electrolytic 
10%  oxalic  acid. 

Figure  123.  Typical  Metallographic  Structure  of  Fusion-Welded  INCO  718 


Figure  124.  Typical  Metal  lographic  Structure  of  Fusion-Welded  PH  14-8Mo  as  Welded 


Base  Metal 
(Mag.  280X) 


Base  Metal  (left)  -  Weld  Interface 
(Mag.  280X) 


Weld  Metal 
(Mag.  280 X) 


Typical  metal lographic  structure  of  .025"  PH  14-8Mo  weld.  Welded  in  the  solution 
annealed  condition  and  planished  and  heat  treated  to  the  SRH  1050  condition  after  welding. 
Shown  after  heat  treatment.  Etchant  -  Electrolytic  10%  oxalic  acid. 

Figure  125.  Typical  Metal  lographic  Structure  of  Fusion  Welded  PH  14-8Mo, 

Heat  Treated  after  Welding 
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APPENDIX  II 


SPECIMEN  SUPPORT  IN  TESTS 


Since  the  application  of  compressive  loads  was  required  in  many  of  the 
fatigue  tests,  support  of  the  thin  flat  test  specimens  posed  a  problem.  This 
problem  was  made  more  difficult  by  the  requirement  of  minimum  effect  of  the 
support  on  heating  and  cooling  rates  and  on  the  distribution  of  temperature  in 
the  specimens.  In  addition,  as  is  usually  the  case,  the  specimens  of  each 
material  varied  slightly  in  thickness. 

To  meet  the  problem,  a  number  of  edge  support  clamp  designs  were  studied 
over  a  three  month  period.  The  clomps  had  to  be  simple  to  manufacture  and 
easy  to  install  with  a  sliding  contact  which  would  not  permit  pick  up  of 
specimen  load.  In  addition  to  these  basic  requirements,  the  clamps  had  to  be 
non-corrosive  and  of  such  a  design  that  fretting  and  galling  would  be  held  to 
a  minimum,  particularly  when  used  on  the  titanium  specimens.  The  clampB  had 
to  have  a  small  mass  and  be  arranged  so  that  the  critical  test  area  of  each 
specimen  configuration  was  exposed  in  order  to  permit  rapid  temperature 
cycling.  Finally,  the  clamp  had  to  be  rigid  enough  to  prevent  both  overall 
buckling  and  cunning  in  the  central  portion  of  the  specimen. 

The  first  practical  clamps  produced  are  shown  as  specimens  nB"  and  "C"  in 
Figure  126.  These  wore  simple,  machine-slotted,  U-sections  made  from  0.091 
gage,  stainless  steel  sheet.  They  were  used  exclusively  for  the  constant 
amplitude  (S-N)  tests. 

The  compressive  loads  produced  during  the  spectrum  loading  tests  were 
considerably  larger  than  those  generated  in  the  S-N  tests  and  required  the 
development  of  a  more  rigid  clamp.  This  clamp  is  shown  as  Specimen  "A",  in 
Figure  126.  The  specimen  is  supported  by  four,  l/4  inch,  replaceable,  stain¬ 
less  steel  rods  held  in  place  by  four  notched  steel  yokes.  The  whole  assembly 
is  centered  on  the  test  specimen  by  four,  3/l6  inch  attachment  holts. 

Although  the  heavier  clamp  acts  as  a  larger  heat  sink,  pre-set  tempera¬ 
ture  cycling  rates  of  three  (3)  cycles  per  minute  were  easily  maintained  in 
the  accelerated  time  tests.  Both  types  of  clamps  caused  some  temperature 
variation  at  the  contact  surfaces.  However,  temperatures  were  continually 
monitored  near  the  critical  test  areas  where  they  were  maintained  within 
±  10° F. 


A.  Clamp  used  in  all  spectrum  loading  tests 

B.  Clamp  used  on  center-notched  specimen  in 
constant  amplitude  loading  tests 

C.  Same  clamp  used  on  unnotchcd  spocimon  in 
constant  amplitude  loading  tests 


Figure  126.  Test  Specinien  Support  Clamps 


APPENDIX  III 


THERMOCOUPLE  INSTALLATION  FOR  CYCLIC  TEMPERATURE  TESTS 


To  measure  and  control  the  temperatures  of  specimens  in  tests  calling  for 
elevated  temperatures,  it  was  necessary  to  attach  thermocouple  wires  at  points 
near  the  specimen  centers. 

For  the  constant  elevated  temperature  tests,  this  presented  no  problem. 

The  thermocouple  wires  were  twisted  together  and  simply  held  tightly  against 
the  test  specimens  by  light-weight  spring  clamps. 

For  the  temperature  cycling  tests,  however,  this  simple  approach  did  not 
work.  There  was  too  much  temperature  lag  with  the  use  of  clamps.  For  these 
tests,  then,  it  was  necessary  to  find  a  more  direct  means  of  attachment. 

The  first  few  attempts  to  solve  this  attachment  problem  centered  around 
the  technique  of  spotwelding  the  thermocouples  to  the  test  material  using  a 
small  80  watt-second  capacitor  discharge  welder.  This  technique  has  been 
used  successfully  by  Lockheed  in  the  past  for  attaching  thermocouples  to  many 
steel  alloys.  However,  a  preliminary  investigation  indicated  that  spotwelding 
thermocouples  to  the  surface  of  the  8-1-1  titanium  alloy  using  the  conventional 
Lockheed  spotwelding  techniques  led  to  premature  test  cracking  at  the  welds. 

A  study  was  therefore  undertaken  in  which  a  number  of  specimens  (center 
notched  with  a  hole)  were  used  with  four  successively  refined  spotwelding 
techniques. 

All  of  the  spotwelding  techniques  described  below  involved  the  welding  of 
20-gage  iron-constantine  thermocouple  wires  at  nominally  the  same  point  on 
each  test  specimen  (i.e.:  1/2"  from  the  center  of  the  1/4"  hole  on  the  longi¬ 

tudinal  axis  of  the  specimen).  This  location  was  far  enough  from  the  hole  to 
avoid  interference  with  its  normal  stress-raising  effect,  hut  close  enough  to 
be  at  essentially  the  same  temperature  as  the  material  at  the  center  of  the 
specimen.  The  adequacy  of  the  thermocouple  location  was  checked  in  special 
tests  in  which  longitudinal  and  transverse  temperature  gradients  were  defined 
by  use  of  multiple  thermocouples. 

The  adequacy  of  each  spotwelding  technique  was  evaluated  in  simple 
constant  load  amplitude  fatigue  tests.  The  same  fatigue  loading  parameters 
were  used  throughout  the  testing:  fmax  =  37-5  ksi  (gross  area)  at  a  stress 
ratio  of  R  =  0.1.  All  fatigue  tenting  was  done  at  room  temperature. 

1.  In  the  conventional  application,  the  two  thermocouple  wires  were  first 
twisted  together,  then  welded  directly  to  the  8-1-1  titanium  using; 
approximately  seven  pounds  pressure  on  //'2  tweezer  electrodes  and  a 
meter  setting  of  (50  watt-seconds.  The  resulting  attachment  was  poor, 
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the  titanium  was  badly  pitted,  and  fatigue  tests  showed  that  the  spot 
weld  stress  concentration  effect  exceeded  that  of  the  hole  itself. 

2.  For  a  more  positive  contact,  the  thermocouple  wires  were  left 
separated.  They  were  hammered  out  flat  and  installed  in  juxtaposition 
using  the  same  electrode  pressure  and  meter  setting  as  used  above. 

The  test  results  were  the  same. 

3.  To  minimize  pitting  and  to  produce  a  more  tenacious  weld,  2-mil 
vanadium  foil  was  used  as  a  filler  metal  between  the  thermocouple 
wires  and  the  8-1-1  titanium.  In  application,  the  foil  was  first 
welded  to  the  flattened  and  separated  thermocouple  wires  with  a 
meter  setting  on  the  welder  of  4o  watt-seconds.  The  excess  foil  was 
then  removed  and  the  assembly  welded  to  the  8-1-1  titanium  as  in  the 
previous  two  cases.  Again,  all  test  failures  were  located  in  the 
thermocouple  area  and  not  at  the  hole. 

4.  A  final  attempt  to  reduce  the  spotwelding  effect  on  the  8-1-1 
titanium  was  made  hy  first  welding  a  2-mil  vanadium  foil  to  the  iron 
wire,  then  welding  both  of  the  flattened  wires  to  a  strip  of  2-mil 
stainless  steel  foil.  The  stainless  steel  foil  was  then  welded  to 
the  8-1-1  titanium  (with  the  thermocouple  side  placed  against  the 
specimen)  using  18  watt-seconds  on  the  welding  meter  setting  and  two 
pounds  pressure  on  a  #3  tweezer  electrode. 

This  fourth  method  produced  welds  with  twice  the  fatigue  life  of  those 
produced  hy  any  of  the  previous  methods.  However,  all  failures  were  again 
confined  to  the  spotweld  areas .  It  was  further  discovered  that  whenever  the 
electrode  come  in  contact  with  the  8-1-1  titanium,  it  produced  a  stress 
raiser  in  excess  of  that  caused  by  the  original  l/4"  hole  used  to  notch  the 
test  specimen.  This  was  true  in  areas  where  small  hold-down  clips  had  been 
used,  in  places  where  the  electrode  had  accidentally  brushed  against  the 
material,  and  at  points  where  the  specimen  had  been  grounded. 

Spotwelding  of  thermocouples  was,  therefore,  considered  to  be  unsatis¬ 
factory  for  the  specimens  to  he  tested  in  this  program. 

A  more  effective  means  of  thermocouple  attachment  wn3  developed  which 
involves  a  "riveting"  technique.  In  this  method,  a  pair  of  small  holes  the 
size  of  the  #20  thermocouple  wire  (0.032"  dia. )  were  drilled  through  the  test 
specimen.  These  holes  were  D.ocated.  on  the  longitudinal  axis  of  the  specimen 
1/2"  on  either  side  of  the  tmnsverse  axis  (see  Fi  gures  127-128)  ■  The  thermo¬ 
couple  wires  were  fed  through  these  two  holes,  gripped  in  a  special  holding 
fixture,  then  tapped  lightly  with  a  hammer.  This  upsets  the  thermocouple 
wires  on  either  side  of  the  specimen  and  keeps  them  from  rotating  in  the 
holes  or  from  pulling  out.  The  advantages  of  this  "riveted"  method  are  as 
follows : 

1.  The  thermocouple  wires  did  not  become  detached  from  the  specimen  as  a 
result  of  repeated  test,  loadings  and  exposure  to  elevated  tempera¬ 
ture.  Such  failures  had  often  occurred  with  spotwelded 
thermocouples. 


2.  This  method  produced  an  effective  stress  concentration  smaller  than 
that  caused  by  the  l/4"  hole  in  the  center  of  the  specimen.  All 
failures  took  place  at  this  hole,  with  test  lives  being  equivalent  to 
those  of  the  original  control  specimens. 

3.  Specimen  temperatures  are  defined  with  greater  assurance  than  with  the 
welded  thermocouples.  This  is  due,  no  doubt,  to  the  fact  that  the 
thermocouple  wire  is  in  contact  with  both  surfaces  of  the  test  speci¬ 
men.  Readings  using  the  "riveted"  method  were  approximately  3_l/2 
percent  higher  than  those  for  spotwelded  thermocouples  when  radiant 
heat  was  applied  in  un  open  air  installation  to  the  side  of  the 
specimen  away  from  the  thermocouple  wires.  In  this  situation  a 
temperature  gradient,  through  the  specimen  thickness  is  generated 
which  would  he  minimized  in  enclosed  oven  applications. 

4.  Riveted  thermocouples  "follow"  much  more  closely  in  temperature 
cycling  operations, 

5.  The  method  of  application  of  "riveted"  thermocouples  is  quick  and 
relatively  cheap. 

This  method  of  attaching  thermocouples  was  therefore  adopted  for  ail  specimens 
subjected  to  temperature  cycling. 


Figure  127.  Thermocouple  Installation  on  Fusion-Welded  and 
Notched  Fatigue  Test  Specimens 


Figure  128.  Enlarged  View  of  Thermocouple  Installation  on 
Fuslon-Weided  Specimen 
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APPENDIX  IV 


DESCRIPTION  OF  TEST  EQUIPMENT 


A  variety  of  standard  equipment  and  equipment  designed  and  constructed  nt 
Lockheed  'was  used  to  precondition  test  specimens  and  l,o  perform  the  d  i  T  Per  on  t 
types  of  material  evaluation  tests  reqnl  red  during  the  test-  program.  This 
equipment,  which  is  described  below,  includes  the  soak  ovens,  the  static  test 
machine,  the  constant  load  amplitude  fatigue  test  machines,  the  accelerated 
and  real  time  f light-by-flight  test  machines  and  the  fuselage  loading 
apparatus . 


OVENS  FOR  SOAKING  SPECIMENS  WITHOUT  CONTAMINANTS 

Two  ovens,  each  with  a  capacity  of  2500  specimens,  were  used  for  exposing 
specimens  to  load  at  temperature  without  the  application  of  contaminants.  The 
equipment  for  the  exposure  of  specimens  to  contaminants  is  described  in  the 
next  section. 


One  of  the  ovens  operated  at  400°F  and  the  other  at  650°F  with  the  speci¬ 
men  temperatures  being  maintained  within  ±  20°F.  Specimen  temperatures  were 
monitored  within  each  oven  by  the  use  of  10  (ten)  thermocouples.  Located  in 
each  oven  was  a  16  column  rack  used  to  load  the  specimens  through  a  system  of 
static  weights.  The  specimens  were  connected  by  close  tolerance  pins  in  a 
combined  series -parallel  arrangement,  as  shown  in  Figure  129,  with  specimen 
heating  being  provided  by  calrod  elements  mounted  below  heavy  plates.  Views 
of  one  of  these  soak  ovens  with  the  top  cover  removed  are  shown  in  Figures  130131 . 


EQUIPMENT  FOR  SOAKING  SPECIMENS  WITH  CONTAMINANT'S 

The  equipment  for  soaking  specimens  under  stress  at  temperature  with 
intermittent  application  of  contaminants  consisted  of  a  simple  loading  rack  In 
an  enclosed  area.  A  maximum  of  '(2  specimens  were  mounted  on  this  rack  and 
loaded  by  static  weights  through  a  system  of  links  and  whiff letreos .  BankB  of 
heat  lamps  were  used  to  heat  these  specimens  to  550°F  ±  20°F,  An  exhaust 
system  was  provided  to  remove  vapors.  All  controls  we re  manually  operated. 

Tile  equipment  and  internal  views  of  the  specimen  arrangement  are  shown  in 
Figures  132,  133,  and  134. 
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STATIC  TENSILE  TEST  MACHINES 


All  of  the  static  tensile  tests  were  conducted  on  a  5 >000  pound  capacity 
Baldwin-Lima-Hamilton  static  test  machine.  This  machine  lias  a  calibrated 
accuracy  equal  to  ±  0.5  percent  of  the  indicated  load  level  and  is  capable  of 
maintaining  a  constant  strain  rate  of  0,005  inches/inch/minute.  To  obtain 
specimen  strain  measurements ,  a  conventional  O.S.  Peters  extensometer  was  used 
during  the  room  temperature  tests  and  a  modified  Arcweld  extensometer  was  used 
in  the  tests  conducted  at  elevated  temperatures.  During  the  elevated  tempera¬ 
ture  tests ,  a  radiant  heat  oven  was  used  to  maintain  temperatures  within  ±  5°F 
along  the  two  inch  gage  length  of  the  specimen.  This  oven  is  similar  to  the 
one  shown  in  Figure  137  f or  use  on  the  constant  load  amplitude  fatigue  test 
machines . 


CONSTANT  LOAD  AMPLITUDE  FATIGUE  TEST  MACHINES 

The  constant  load  amplitude  fatigue  test3  were  performed  on  the  machines 
shown  in  Figure  135*  These  machines  were  designed  and  constructed  at  Lockheed. 
Each  machine  has  a  loading  column  with  a  single  specimen  connected  in  series 
with  a  calibrated  electrical  strain  gage  transducer.  This  loading  column  is 
held  stationary  at  the  upper  end  and  is  attached  to  a  hinged  beam  at  the  lower 
end.  The  free  end  of  this  hinged  beam  carries  a  motor-driven  eccentric  disk 
plus  either  springs  or  static  weights  for  maintaining  constant  loads.  Dynamic 
loads  of  t  10,000  pounds  can  be  maintained  indefinitely  within  ±  2$  accuracy 
at  a  normal  operating  frequency  of  30  cycles  per  second  (lOOO  cycles  per 
minute) . 

A  eloso-up  of  a  specimen  with  stabilizing  edge  guides  installed  In  one  of 
those  machines  is  shown  in  Figure  136.  The  edge  guides  nre  described  in 
Appendix  II . 

Details  of  the  ovens  used  to  heat  specimens  during  the  fatigue  tests 
conducted  at  elevated  temperatures  are  illustrated  in  Figures  137  and  138. 


ACCELERATED  FLLGHT-BY-FUGIIT  TEST  MACHINES 

Two  test  machines  of  the  type  shown  in  Figure  139  and  illustrated  sche¬ 
matically  in  Figure  l4l  were  employed  to  conduct  the  accelerated  flight-by- 
flight  tests  in  which  variable  amplitude  loadings  arc  applied.  These  machines 
were  designed  and  constructed  at  Lockheed.  Each  machine  consists  of  a  pair  of 
servo  jacks  mounted  in  parallel  within  a  simple  loading  rack.  Each  jack  loads 
two  specimens,  ns  shown  in  Figure  140.  These  specimens  are  connected  in 
series  with  a  calibrated  load  transducer.  The  loads  applied  by  these  dual, 
jack  machines  are  programmed  by  two-track  magnetic  tape  units  such  as  those 
shown  in  Figure  142.  In  these  machines,  loads  of  +  10,000  pounds  can  be 
controlled  within  an  accuracy  of  +  2$>  at  frequencies  up  to  45  cycles  per 
second . 

During  operation,  the  output  voltage  from  the  programmer  is  fed  into  the 
servo  loop  of  one  of  the  servo  jacks  through  a  summing,  junction  ns  shown 
schcmuh1c:i  11  v  on  Figure  l4l .  This  signal  programs  l.ho  .action  of  a  servo  valve 
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to  meter  the  cyclic  flow  of  oil  to  the  fore  and  aft  ports  of  the  servo  jack. 
Loadings  are  applied  to  the  specimens  and  the  load  transducer  ty  the  resulting 
movement  of  the  jack  piston.  The  servo  loop  is  closed  hy  feeding  the  signal 
resulting  from  the  load  felt  by  the  transducer  hack  into  the  summing  junction. 

The  instantaneous  summing  of  these  opposing  signals  at  the  input  side  of  the 
servo  loop  results  in  the  specimen  experiencing  the  same  loading  history  as 
that  represented  by  the  signal  on  the  magnetic  tape. 

The  equipment  used  to  obtain  a  complete  thermal  cycle  in  the  cyclic 
temperature  tests  is  indicated  schematically  in  Figure  l4l  as  the  heat-cool 
control.  The  once-per-f light  thermal  cycle  is  triggered  by  a  mean  load  level 
detector  and  is  appl led  once  every  20  seconds  by  the  alternate  use  of  a  bank 
of  quartz  lamps  and  normal  shop  air.  Traces  of  the  temperature -load  relation¬ 
ships  produced  by  this  equipment  are  shown  in  Figure  143. 

As  shown  in  Figure  l4l,  the  pressure  and  return  line  to  each  servo  jack 
contains  a  solenoid-operated  safety  lock-up  valve  which  stops  the  oil  flow  to 
the  jack  in  the  event  of  a  Iosb  in  Bervo  control  due  to  an  interruption  of 
power.  In  addition,  the  use  of  a  safety  device  in  the  form  of  a  load  limiter 
is  also  shown  on  the  schematic  diagram.  This  device  was  designed  to  protect 
the  test  specimen  from  spurious  signals  by  simply  limiting  the  maximum  ampli¬ 
tude  of  the  signals. 

A  combination  of  floating  stiffeners  and  flexure  plates  were  used  to  keep 
the  specimens  from  buckling  under  compressive  loads.  The  stiffeners  are 
described  in  Appendix  II. 

FLIGHT-BY -FLIGHT  TEST  MACHINE  FOR  TESTS  WITH  REAL  TIME  AT  TEMPERATURE 

The  conduct  of  the  real-time  at  temperature  flight -by- flight  tests  with 
variable  amplitude  loadings  required  the  development  of  specialized  equipment. 

The  real-time  test  machine  which  is  shown  in  Figure  144  consists  of  columns  of 
six  specimens  with  the  columns  installed  in  parallel  within  a  single  reaction 
frame.  Each  column  is  loaded  by  a  double  acting  hydraulic  Jack  mounted  in 
series  with  a  load-measuring  transducer.  The  teat  areas  of  the  six  series 
connected  specimens  in  each  loading  column  are  enclosed  by  the  heating-cooling 
ducts  shown  in  Figures  l44  and  l45>  The  action  of  the  Jacks  is  conirolled  90 
as  bo  apply  the  loadings  in  the  flight  sequence  which  is  shown  in  Figure  l46. 

The  load  programmer  consists  of  a  rack  of  eight  components,  as  shown  in 
Figure  14?.  A  block  diagram  of  the  control  equipment  is  shown  in  Figure  l48. 

The  cyclic  loads  are  controlled  hy  a  system  that  uses  partial  load  feedback. 
In  this  system,  sbepping  switches  program  both  the  loadings  and  the  heating 
and  cooling.  The  load  sensing  is  obtained  by  using  a  Zener  trigger  device 
along  with  one  of  the  load  transducers.  On  this  trigger,  a  pair  of  preset 
voltages  are  used  to  represent  the  positive  and  negative  halves  of  a  load 
cycle.  For  every  change  in  load  on  bhe  specimen,  the  transducer  generates  a 
voltage  incremenb.  When  the  net  voltage  on  the  transducer  is  equal  to  one  of 
the  preseb  voltages  on  bhe  trigger,  the  trigger  fires  to  reverse  the  direc¬ 
tion  of  oil  flow  in  all  of  bhe  hydraulic  jacks.  This  reversal  changes  the 
action  of  the  jacks  on  all  of  the  specimens,  with  two  such  changes  required 
to  complete  a  loading  cycle  which  is  then  recorded  on  a  counter.  When  the 
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required  number  of  each  varying  load  level  lias  been  applied,  the  switches  are 
rotated  to  a  new  position  to  establish  the  next  varying  load  level  felt  by 
the  specimen. 


To  apply  the  three  differing  mean  load  levels  required  for  the  climb, 
cruise  and  descent  phase  of  flight,  sets  of  weights  rather  than  electrically 
controlled  hydraulic  jacks  are  used.  Use  of  the  weights  was  dictated  by  the 
need  to  minimize  the  possibility  of  inadvertent  load  change  during  the  hour 
(at  constant  load)  in  each  flight,  which  is  defined  in  Figure  l46.  The  load 
produced  by  the  weights  is  applied  to  the  pistons  of  the  hydraulic  jacks  to 
generate  a  steady  static  load  on  the  test  specimens.  During  operation,  the 
mean  load  produced  by  the  weights  is  varied  by  the  movement  of  a  weight  sup¬ 
port  platform.  This  platform  movement  is  provided  by  the  action  of  electric 
motor  driven  Acme  screws.  The  platform  is  shown  in  Figure  1^9  in  the  0.2g 
position  for  the  descent  phase  of  flight  with  a  portion  of  the  total  weight 
supported  by  the  platform.  The  weight  system  is  diagrammed  on  Figure  150. 

The  signals  to  the  actuators  for  moving  the  platform  are  supplied  by  points  on 
the  load  control  stepping  switch.  The  position  of  the  platform  is  controlled 
hy  a  system  of  micro  switches. 


The  specimens  are  restrained  from  buckling  under  compression  loadings  by 
using  a  combination  of  flexure  plates  and  edge  support  clamps  on  the  specimens. 


To  heat  the  specimens,  a  number  of  quartz  lamps  are  used.  These  lamps 
are  mounted  immediately  below  and  at  right  angles  to  the  specimens.  They  arc 
located  in  the  Alzac- .lined  stainless  steel  tunnels  which  act  as  cooling  ducts 
during  the  last  half  of  the  temperature  cycle.  Power  is  supplied  to  these 
lamps  by  u  400  volt  Research  Incorporated  Thermae  Controller  that  operates 
at  100  amperes. 


A  total  of  36  specimens  are  rested  at  one  time.  These  consist  of  12 
specimens  for  each  of  the  three  materials  tested.  Twelve  of  the  3 6  specimens, 
located  throughout  the  specimen  pattern,  are  equipped  with  lron-constantlne 
thermocouples  which  were  "riveted"  to  the  specimens  as  described  in  Appendix 
III.  Temperatures  of  these  twelve  specimens  are  continuously  recorded  on  the 
strip  char l  of  a  MInneapolis-Honeywell  Temperature  Recorder.  The  cyclic 
temperature  changes  are  monitored  by  the  output  from  one  of  these  thermocouples. 


During  operation,  a  signal  to  the  tempera lure  controller  is  provided  by  a 

I. rigger  aebion  at  the  completion  of  loading  cycles  associated  with  the  "climb" 
pliose  of  the  flight.  Full  power  is  applied  to  the  heat  lamp  at  the  negative 
peak  of  the  last  load  cycle  applied  during  climb.  When  the  load  cycle  has 
been  completed,  the  mean  load  level  for  the  cruise  phase  of  flight  is  applied. 
The  maximum  power  is  reduced  in  approximately  three  minutes  to  permit  the 
0.025  gage  PHlh-OMo  and  Inco  7^0  specimens  to  roach  a  stabilized  temperature 
ol’  500°F  without  overheating.  At  this  time,  the  thicker  O.05O  gage  titanium 
specimens  arc  at  a  temperntiu’e  of  4B0°F  and  require  an  additional  three  minutes 
at  the  reduced  power  level  to  reach  the  stabilized  500°F  temperature.  At  the 
negative  peak  of  the  last  cycle  of  cruise  loadings , the  power  to  the  lamps  Is 
shut  off  and  a  15-horsepower  centrifugal  blower  i.s  turned  on  to  force  ambient 
air  across  the  specimens  to  reduce  their  temperature  to  $0°F  Cor  application 
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minutes  for  the  0.025  gage  specimens  and  three  minutes  for  the  0.050  gage 
specimens.  The  manifold  from  the  blower  is  shown  connected  to  each  of  the  six 
stainless  steel  ducts  in  Figure  l44.  Traces  of  the  temperature -loading 
relationships  produced  by  the  equipment  are  shown  in  Figures  151  and  152. 

Several  safeguards  were  designed  into  this  equipment  to  minimize  the 
possibility  of  accidental  damage  to  the  specimens  through  operator  error  or 
from  malfunction  of  the  equipment.  In  addition  to  the  previously  mentioned 
use  of  static  weights  for  maintaining  mean  load  levels,  the  following  design 
features  v/ere  incorporated  to  safeguard  the  specimens. 

1.  During  the  repetitions  of  the  standard  flight  sequence  which  are 
generated  by  the  control  apparatus,  hydraulic  pressures  arc  limited 
to  values  a  few  percent  over  those  required  for  the  maximum  loads 
during  each  flight . 

2.  Fre-set  pressure  regulators  protect  the  specimens  against  accidental 
over-loads  which  might  occur  during  the  manually  controlled  applica¬ 
tion  of  the  larger  loadings  which  are  required  to  represent  the 
growth  of  peak  loadings  with  time . 

3.  Mechanical  stops  were  installed  to  prevent  excessive  and  damaging 
system  deflections  in  the  event  of  specimen  failures. 

4.  In  the  event  of  a  power  failure,  normally  open  by-pass  valves  act  to 
reduce  the  system  oil  pressure  to  zero.  As  an  udded  safety  feature, 
a  4-way  oolenoid  valve  operates  to  prevent  the  application  of  a  large 
compressive  load  to  the  specimens  in  case  the  by-pass  valves  do  not 
function. 

5.  In  the  event  of  a  drop  in  operating  pressure  because  of  a  malfunction 
of  the  hydraulic  pump  or  because  of  a  leak  in  the  oil  system,  a 
pressure  switch  shuts  off  the  complete  system, 

6.  To  prevent  overheating,  a  device  was  installed  to  shut  off  the 
complete  system  if  the  temperature  measured  by  any  of  the  thermo¬ 
couples  exceeds  530 °F. 

FUSELAGE  LOADING  APPAKATUS 

In  the  fuselage  loading  apparatus,  a  group  of  four  test  specimens  to 
loaded  through  a  whiffle tree  installed  In  series  with  a  load  transducer  and  a 
pneumatic  loading  Jack.  The  maximum  jack  force  is  controlled  by  a  regulated 
pressure  source,  A  peak  temperature  of  550°F  is  reached  at  the  center  of  the 
test  specimen  in  about  1?  seconds  through  the  use  of  radiant  heat  lamps. 
Cooling  to  120°F  is  attained  in  approximately  Ifi  seconds  by  the  use  of  a  large 
centrifugal  blower  moving  air  through  a  manifold  fitted  with  a  solenoid- 
operated  air  diverter.  During  operation,  the  load  is  applied  by  metering  air 
at  a  given  pressure  to  the  pneumatic  jack.  The  heating  cycle  is  phased  with 
this  load  increase  and  controlled  through  a  regulated  power  supply  to  peak  out 
at  550°F  +  L0°F .  When  tills  temperature  has  been  reached, the  power  to  the 
lamp  automatically  shuts  off,  the  ambient  air  from  the  blower  is  directed  to 
the  four  specimens  and  the  toad,  is  reduced  to  a  very  small  positive  value  by 
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release  of  air  contained  in  the  pneumatic  jack.  When  the  temperature  of  the 
test  specimen  reaches  the  lower  limit,  the  "blower  air  is  directed  away  from 
the  specimens,  the  lamps  and  jack  pressure  are  switched  on,  and  the  cycle  is 
repeated. 

The  safety  devices  on  this  apparatus  include  a  regulated  pressure  source 
and  a  load  limiter  device  that  works  off  the  load  transducer  to  shut  down  the 
system  if  the  desired  load  is  exceeded. 

A  schematic  of  the  fuselage  loading  apparatus  is  presented  in  Figure  153* 
The  apparatus,  its  controls  and  the  specimen  installation  are  shown  in 
Figures  154-155 ■  The  load  and  temperature  relationship  during  the  fuselage 
loading  tests  is  shown  on  Figure  156. 
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Figure  129.  Installation  of  Test  Specimens  In  Series-Parallel 
Arrangement  In  Soak  Oven 


Fl^jre  130.  Oven  for  Preconditioning  Test  Specimens,  Cover 
Removed 
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Figure  131.  Specimen  Installation  in  Preconditioning  Oven 


Figure  132.  Apparatus  for  Preconditioning  of  Specimens 
with  Corrosive  or  Contaminating  Materials 
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Figure  134,  Close-Up  of  Specimens  In  Contaminant 
Preconditioning  Apparatus 
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Figure  135.  Constant  Amplitude  Fatigue  Test  Machines 
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Figure  136.  Close-Up  of  Specimen  In  Fatigue  Test  Machine 


Figure  137.  Close-Up  of  Oven  Installation 
and  Loading  Column  In  Fatigue 
Test  Machine 
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Figure  138.  Close-Up  of  Specimen  Installed  in 
Oven  on  Fatigue  Test  Machine 
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A.  Servo-Jack  Fatigue  Test  Machine 

B.  Magnetic  Tape  Control  Unit  for  Loads 

C.  Power  Supply  and  Temperature  Controller 
for  Heat  Lamps 

D.  Brown  Tompsrature  Recorder 


Figure  139.  Servo-Controlled  "Accelerated  FlIght~By— Flight  " 
Fatigue  Test  Machine 


A.  Test  Specimen  -  4  Per  Machine 

B.  Compression  Edge  Support  Clamp  Assembly 

C .  Thermocouple  Installation 

D.  Radiant  Heat  Lamps 

Figure  140.  Close-Up  of  Specimen  Installation  in  "Accelerated 
Flight-by-Fiight"  Loading  Tests 


211 


VARYING  LOAD 


Figure  141.  Block  Diagram  of  Test  Set-Up  for  "Accelerated  Flight-by-Flight"  Loading  Tests 
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Figure  142.  Magnetic  Tape  Loading  Control  Units  for  Servo- 
Controlled  Machines 
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Figure  143.  Stress  and  Temperature  Traces  For  Accelerated  Time 
with  Cyclic  Temperature 


Figure  144. 


A.  Manifold  From  Centrifugal  Blower 

B.  Heating  and  Cooling  Ducts 

C.  Load  Programmer 

D.  Hydraulic  Control  Equipment 

E.  Power  Supply  &  Temperature  Controller  for 
Heat  Lamps 

F .  Temperature  Recorder 


Test  Apparatus  for  "Real  Time"  Spectrum 
Loading  Tests 
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A  -  Edge  Support  Clamp 
B  -  Heating-Cooling  Tunnel,  Lower  Half 


Figure  145.  Close-up  of  Specimen  Installation  in  Real  Time  Machine 
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where  £  =  25000  psi  for  8-1-1 

!9Ref  Titanium  and 

40000  psi  for  PH  14-8Mo  Steel  and  INCO  718 
Growth  in  magnitude  of  cyclic  loads  with  time  is  given  in  Tablesl3-!5and  19. 

Figure  146.  Unit  Flight-by-Flight  Loading  Sequences  and  Magnitudes  for  Real  Time  Tests  -  Spectra  C 


A. 

B. 

C. 

D. 

E. 

F. 

G. 

H. 


Load  Monitor  Chassis 
"Flight"  Recorder 
Load  Sequence  Chassis 
Trigger  Chassis 

6  -  Channel  Sanborn  Carrier  Amplifier, 

Model  956-111 

Valve  Control  Chassis 

Actuator  Chassis 

28  -  Volt  Power  Supply 


Figure  147.  Electronic  Control  Equipment  for  "Real  Time" 
Spectrum  Loading  Tests 
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Figure  148.  Block  Diagram  of  Control  Equipment  in  Real  Time  Spectrum  Loading  Tests 


A,  Hydraulic  Actuator 

B.  Static  Weights 

C.  Actuator  for  Lifting  Static  Weights 

D,  Micro  Switches  for  Static  Weight  Positioning 

Static  Loading  System  for  Controlling  Mean  Loads 
on  Real  Time  Spectrum  Loading  Machine 
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Figure  149, 


2321 


Figure  150.  Static  Weight  Loading  System  for  Maintaining  Mean  Loads  on  Real  Time  Spectrum  Loading  Machine 


Figure  152.  Trace  of  the  Cooling  Phase  of  the  Real-Time  Spectrum  Tests  of  Center-Notched  INCO  718 


Figure  153.  Block  Diagram  of  Test  Set-Up  for  Fuselage  Loading  Tests 
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A.  Power  Supply  for  Heat  Lamps 

B.  Cooling  Air  Manifold 

C.  Temperature  Read-Out  Equipment 

D .  VIscorder  for  Load-Temperature  Control 

E .  Jack 

Figure  154.  Test  Set-Up  for  Fuselage  Loading  Evaluation 


A.  Test  Specimen 

B .  Heat  Lamps 

C.  Cooling  Air  Duct 


Figure  155.  Close-Up  of  Specimen  Installation  (Reflector 
Removed  for  Clarity) 
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APPENDIX  V 


DERIVATION  OF  S-N  CURVES 


Because  of  the  number  of  variables  -  material,  specimen  geometry, 
exposure  time,  exposure  temperature,  and  test  temperature  -  the  number  of  data 
points  obtained  for  each  combination  of  variables  is  necessarily  rather  small. 
This  factor  and  the  relatively  large  scatter  of  data  always  associated  with 
constant  load  amplitude  fatigue  testing  led  to  the  need  for  a  consistent  method 
of  drawing  a  curve  to  represent  each  group  of  data  points.  For  this  purpose, 
trial  use  was  made  of  the  general  method  of  linear  regression  as  suggested  by 
Weibull*  for  use  with  small  groups  of  test  data.  The  following  derivation  of 
this  method  of  calculation  was  presented  in  a  recent  ASD  technical  Report.** 

In  Welbull's  use  of  the  method  of  linear  regression  with  small  sample 
sizes,  all  of  the  test  specimens  defining  an  S-N  curve  are  pooled  together. 

The  following  equation  is  then  assumed  to  apply  to  the  pooled  S-N  data. 


f 


vary 


fR  -l-  pNU 


(V-l) 


where 


fvury  “  varying,  stress  of  constant  amplitude 

fg  =  the  constant  amplitude  varying  stress  corresponding  to 
endurance  limit 

N  •=  cycles  to  failure  for  f 

vary 

and  p  and 

u  -  regression  coefficients 

The  endurance  limit  fp  is  a  statistical  variate  in  itself  and  Equation 
(V-l)  must  be  solved  for  known  or  estimated  values  of  l'p .  For  a  given  value 
of  fg,  Equation  (V-l)  can  be  written  in  the  form 


*  Weibull,  W. ,  "Statistical  Handling,  of  Fatigue  Data  and  Planning  of  Small 
Test.  Series."  The  Aeronautical  Research  Institute  of  Sweden  (FAA) ,  Report, 
No.  <’[),  Oclobci’  ly'/-. 

**  Orio.hlow,  W.  J.,  A.  J.  McCulloch,  L,  Young;  and  M.  A.  Mclcon,  "An  Engineer¬ 
ing  Evaluation  of  Meflnxls  for  the  Prediction  of  Fatigue  Life  in  Airframe 
g/fme  furor,"  .  ASD-TR-6 1  -4  March  I  -  . 


loG  (fvary  “  fg)  =  log  p  u  log  N 


(V-2) 


Designating  y  =  log  (fvary  ”  as  Ude  dependent  variable  and  x  =  log  N 
as  the  Independent  variable ,  tne  method  of  linear  regression  can  be  applied  to 
the  following  equation, 


y  =  yQ  -!-  ux 


(v- 3) 


where  the  coefficients  u  and  y  of  the  linear  regression  line  are  determined 
from 


and 


whore 


and 


2  (xi  ■  x)(yt  ■  y) 
i*l 

u  =  — - 

i:  k-s)2 

i=l 

yoe  log  p  +  y  -  ux 


X 


E  xi 

i^i _ 

n 


(V-4) 


(V-5) 


(V-6) 


(v-  7) 


wi  t.h 


n  -  to  tin:  number  of  pooled  test  specimens 


The  above  equations  arc  exact  only  if  the  variances  of  y  are  homogeneous 
in  the  population.  Tliis  is  to  say,  that  the  standard  deviation  in  y  is  inde¬ 
pendent  of  x.  In  addition  the  deviations  from  the  linear  regression  line 
should  he  normally  distributed.  An  unbiased  estimate  Sy.x  of  the  variance 
from  the  regression  nr  the  population  is  given  by 


l"> 


n  -  ?. 


(V-H) 
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where 


i  =  Uie  standard  error  ef  estimate 
y-x 


For  any  particular  value  of  x ,  such  as  x* ,  confidence  limits  for  the 
computed  mean  value  y*  =  (y  +  ux*)  are  easily  set  with  the  upper  confidence 
limit  given  hy 


yu  -  (yc  -!-  ux*)  +  Sy>x 


n 


(x*  -  x)2 


- x)2 

i=l 


(V-9) 


and  the  lower  confidence  limit  given  by 


* 

*i 


(yD  +  ux*) 


ttt/2,n-2  Gy.x 


(x*  -  r)2 

ix  -  v2 

i-l 


1 

s 


(v-io) 


where 


y*  =  the  estimate  of  the  mean  value  of  y  at  the  value  of  x* 
t  =  value  of  sampling  distribution 

and  a  =  confidence  level 


Values  of  ^a/2 ,n~?  must  correspond  to  the  required  confidence  coefficient 
( 1  -  a)  and  the  given  degree  of  freedom  (n-2) .  These  values  can  he  readily 
found  in  any  standard  text  book  on  statistics. 

To  apply  the  above  procedure  to  R-N  data,  plausible  values  must  be 
assumed  for  the  endurance  limit.  The  actual  value  selected  for  the  endurance 
limit,  fjp,  will  have  only  a  small,  effect  on  the  analytical  matching  of  the 
n-N  data  in  the  midstress  range.  Sometimes,  a  more  accurate  linear  regression 
fit  to  the  entire  stress  range  of  the  S-N  data  is  obtained  by  setting  fp  equal 
to  zero  In  Equation  (V-l) .  An  example  of  the  derivation  of  the  parameters  for 
this  equation  wi  th  f,n;ix  substituted  for  i'vary  i  n  given  in  Table  35  .  The  use 

of  L'm,ix  can  be  justified  by  adding,  fmonn  to  both  sides  of  equation  (V-.l)  and 
letting,  f  equal  the  mean  plus  varying  stress  on  the  left  hand  side  of  the 
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equation.  The  term  (f„  +  f 
then  he  replaced  by  f  orn 
obtain  maxE 


f  =  f  + 
max  max„ 


on  the  right  hand  side  of  the  equation  could 
maximum  stress  at  the  endurance  limit  to 


(V-ll) 


where 


p,  N  and  u  are  defined  under  Equation  (V-l) 

In  Table  35 >  the  parameters  u  and  p  are  derived  for  Equation  (V-ll)  by 
setting  f  equal  to  zero.  Once  these  parameters  have  been  derived,  this 
equation  can  be  used  to  plot  linear  regression  lines.  Figures  157  to  159 
illustrates  the  correlation  between  test  data  and  the  linear  regression  lines 
obtained  by  using  Equation  (V-ll)  in  the  form  presented  at  the  bottom  of 
Column  15  in  Table  35*  The  linear  regression  lines  in  these  figures  were 
obtained  by  assuming  arbitrary  values  for  N  and  calculating  the  applicable 
value  of  the  maximum  stress.  The  above  procedure  was  followed  because  of  in¬ 
adequate  definition  of  the  endurance  limit. 


Regression  lines  need  not  be  limited  to  the  two  parameter's  of  a  single 
straight  line  but  may  be  defined  by  any  number  of  parameters .  Segmented 
straight  regression  lines  such  as  those  shown  on  Figures  157  “  159  '’'ill 
provide  a  significantly  better  fit  to  existing  data  than  nonsegmented  straight 
lines.  These  may  be  applied  in  the  analysis  above,  for  example,  as 

y  =  max  (y]  ,  y2)  =  i  (yx  -t-  yg)  +  ^  -  y2|  (V-12) 


with 


y  L  13  yx(x)  = 


+  u^x 


and 


= 


>U)  =  y ; 


+  U2* 


(V-13) 


as  in  Equation  (V-3) ,  y  ,  u  y  ,  in  are  the  parameters  to  be  estimated. 

X0  1  20  d 


Comparisons  of  the  conventional  semi-log  representations  of  these 
segmented  and  nonsegmented  lines  are  shown  in  Figures  l6o~lb2.  The  criterion 
used  for  determining  whether  additional  segments  arc  justified  is  that  the 
improvement  in  fit  more  than  offsets  the  effect  of  the  loss  in  number  of 
degress  of  freedom  due  to  the  additional  parameters  to  be  estimated.  Because 
of  (.lie  small  number  of  pooled  data  points  used  to  define  each  S-N  curve,  no 
statistically  significant  gain  can  be  obtained  by  the  use  of  the  type  of 
computations  represented  by  Equation  (V-ll)  to  estimate  a  segmented  linear 
regression  line  us  distinct  from  a  visual  best  fit.  Consequently,  after  an 
extensive  investigation  of  numerous  plots  such  as  those  shown  in  Figures 
157  ”  159  and  Figures  160  -  162,  the  definition  of  S-N  curves  by  a  visual 
best  fit  of  segmented  linear  regression  lines  was  adopted  to  generate  the 
constant  R  curves  presented  with  the  test  data  points  in  Volume  II  of  this 
report. 
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TABLE  35  DERIVATIONS  OF  PARAMETERS  FOR  STATISTICAL  LINEAR  REGRESSION  EQUATION 
CENTER-NOTCHED  8-1-1  TITANIUM  AT  ROOM  TEMPERATURE .  NO  PRIOR  SOAK 


© 

© 

© 

© 

R 

N 

CYCLH3 

f  max 
PSI 

x=1°sioN 

1496160 

1489000 

3776000 

1579000 

1475300 

1365300 


3.73239 

3.Q6Q06 

4.26007 

4.33445 

4.47076 

4.83059 

4.70916 

6.10775 

6.17493 

6.17^9 

6.57703 

6.19838 

6.16879 

6.13513 


4.81291 

4.77815 

4.74036 

4.69897 

4.67669 

4.67669 

4.65321 

4.60839 

4.60206 

4.57970 

4.55630 


©-© 


17017 


y 


j^A/No.  of 
^'Specs. 


5.27017 


-1.53770 

-i.4oo.li 

-1.01010 

-  .93570 

-  .79741 

-  .43958 

-  .54101 
.85750 
.90476 
.90270 

1.30606 

.92821 

.89860 

.864o6 


4.72185 


4.72185 


CD"®  E©3  s©  ©  ©•+©  I  ®-©  ® 


.03039 
.18124 
.10325 
.09106 
.05630 
.01851 
-.0008O 
-.04516 
-.04516 
-.06864 
-.09346 
- . 11979 
- .  H007 
-.'•■<555 


2.36477 

4.36136 

5.38166 
6.05703 
6.86o4o 
7.05565 
7.34034 
8.08464 
8.90323 
9.71013 
11.42602 
I2.0C.75 ; 
13.0v511 
13.043-6 


-  .86608 

-  .87422 

-  .06134 

-  .90057 

-  .94142 
-1.00339 
-1.10553 
-1.23679 
-1.36435 
-1.50758 
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Figure  157.  Use  of  Best  Fit  and  Linear  Regression  for  S-N  Curves  -  Room  Temperature 
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158.  Use  of  Best  Fit  and  Linear  Regression  for  S-N  Curves  -  Room  Temperature 
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Figure  159.  Use  of  Best  Fit  and  Linear  Regression  for  S— N  Curves  -  Room  Temperature 
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Rgure  160.  Use  of  Best  Fit  and  Linear  Regression  for  S-N  Curves  -  Room  Temperature 
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LES  TO  FAILURE 


37 


Figure  162.  Use  of  Best  Fit  and  Linear  Regression  for  S-N  Curves  -  Room  Temperature 


APPENDIX  VI 

COMPARATIVE  S-N  CURVES  -  CONSTANT  STRESS  RATIO 


Volume  II  of  the  report  presents  S-N  curves  for  constant  values  of  stress 
ratio,  R,  of  0.1  and  -0.5  which  were  drawn  to  provide  a  best  fit  to  the  S-N 
data  points  obtained  in  the  basic  constant  load  amplitude  fatigue  test  program. 
To  provide  a  basis  for  examination  of  the  data  in  this  form  in  terms  of  speci¬ 
men  exposure  conditions  and  test  temperatures,  all  of  the  constant  R  curves 
presented  in  Volume  II  have  been  grouped  by  material,  specimen  geometry  and 
test  temperature.  These  groupings  are  presented  in  this  Appendix.  The  loca¬ 
tion  of  these  groupings  Is  given  in  Table  36. 
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TABLE  36  LOCATION  OF  COMPARATIVE  S-N  CURVES  -  CONSTANT  R 
R  •»  0.1  and  -  0.5 


Specimen 

Test  Temp 

Curves  Plotted 

Material 

Configuration 

(op) 

in  Figure 

Room 
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Room 
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Room 
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and 
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2lK) 


^  *s  eti  oa  es  ca 

g  3  3  ‘3  1  J3  3 

z  a  a  a  a  a  a 


aHBBa«SiaBaiiei3g^  n  zmammsameu] 

ieasiisi:8§Bgg§sis&  isfisessis;! 
BSSBSiii  SBiiaiBiiir.sii'iiiiaaBil 
liiiglBBiiiilifilii  .Biiliiiiill 

sssesaes  assE^siUBiisa  ikas.asaBsffiai  I 
isgaasBasaas^BSMss  jifggBSSBSS! 
ESSBBBlBaBBSBBISBBflfi'lBSSBSHI 

aiiaaiaiiaaiasiBBfiiiBiaaaail 

iiiipiiiiiiiiis?  ifililiiiiil 

IlUiiilg  gilllliililFIPlillili 

Ee 


»-  tvi  «  ■«*  »o  «o  fx 


ggESggss'  ~~all  ms*  itaSSlirsesBS* 
i§sisggSiiMi^iigstiis§i§s^Biia| 
gililliiiililiiliiiiiiiiilliiiy 

isiliiiiilsiilliifiliiiiiiiisl 

BIMaiM|aiil£BaiP!B9:  i  tlSSSSSSM  ;Wil 

aaMBBBggiaggwauBBBBawfiMiwBiigi  I 

mnwmmmm&mm  ggsiiBssiMiH 

lIIiiiIHIiiE£iFi:i;?IliIiIiliiil 


SaBHB«BBBHBBBaP9BBaaBSHgaraBiSRBBaaSassaEj!aisaS'|6f/,^t^^s:|sa^i^B®BSail 
■MMMM||MMMlBBSfigBBBeBSagSSSBiSg'lgBrl'VJ£igaaiBBiSaBSgil 

Hiiiiiiigiiiiiiiigsiiii^fi^iiiaiiigilisill 

■iiliiiiiiiiiiiiiiil  li^i.^iiiiiiiiiiiiii! 

«s*£,.v  •  "esmB* ^sisgi&Masn 
Hgf3E5^s^eFii@aHssgssgsss«g,'.s^gssBagBSSaESiSa! 

liiagiBsBBBgBBsaBgBgg^g-'gBgsB^glgaeiitig^gi 


miBi 


■P§ii  aiiiiBtiiil 

iliiiiiiBSiggiiil 
iiiiiiiliiiiiil! 
liiiiiliiliiiiSl 


■iiiii^*£liil 

Igiiiiiiiiliiliiiii^iiiiiil 

ililiiiliilillllig^^SlSlililliliillilMilll 

BSBBiaiasMBBaaBagBSiiBBB^g^giiaBBgiisiBipBsifiBBBBiiBBSBBBSg! 

■■liaBssisiisBsaaBiiiBs^a&BEifiiiii^iiiiiiiiisiiiiSBBBBissi! 

laBeigigliglBllllliiPg^BfSil^illliilllllliliiilillillSiiilili 

■HB@is@iigiSg"'sssatgsiilB@ 


B»BHH«IBSaBBBBBSSMaiiiSBMSBSPPr4;^rtS^»SeseSPSl@?S@a?aBi*§l»@ieS 


■■■BBeSSi 


BS’tPlSSSI 

p^WweeEiBassg- 


9^B§lpaaSS39aSBBMir:*MBBPeF4! 

BSlgBgBBBBBSBBBettBBBBili 

llBiilBBBBBBBSSBSBlBBBBBI 


SHBBEHBBBS  SilSglBBSB  H8»»B  @@155^1 
■bBBSBB  BaniBBBBBP  BBBBBiBBgtf 


BBSIBS 


■liBiiiiBiBSi 

IHSiSilKII 


XOUl 

V3HV  SSOHO  -  !S>1  J 


2i)l 


CYCLES  TO  FAILURE 

163.  Effects  of  Prior  Soak  on  S-N  Curves  at  Room  Temperature,  Center-Notched  8-1-1  Titanium,  R  =  Constant 
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CYCLES  TO  FAILURE 

164.  Effects  of  Prior  Soak  on  S-N  Curves  at  Room  Temperature,  Center-Notched  8-1-1  Titanium,  R  =  Constant 
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CYCLES  TO  FAILURE 

Figure  165.  Effects  of  Prior  Sock  on  S-N  Curves  at  400°F,  Center-Notched  8-1-1  Titanium,  R  =  Constant 
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Figure  166.  Effects  of  Prior  Soak  on  S-N  Curves  at  400°F,  Center-Notched  8-1  -1  Titanium, 
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CYCLES  TO  FAILURE 

Figure  167.  Effects  of  Prior  Soak  on  S-N  Curves  at  650°F,  Center- Notched  8-1-1  Titanium,  R  =  Constant 
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CYCLES  TO  FAILURE 

Effects  of  Prior  Sock  on  S-N  Curves  at  650°F,  Center-Notched  8-1-1  Titanium,  R  =  Constant 
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CYCLES  TO  FAILURE 

Figure  169.  Effects  of  Prior  Soak  on  S-N  Curves  at  Room  Temperature,  Unnotched  B-l-1  Titanium.  R  =  Constant 
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Effects  of  Prior  Soak  on  S-N  Corves  at  400°F,  Unnotched  8-1-1  Titanium, 
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CYCLES  TO  FAILURE 

Effects  of  Prior  Soak  on  S-N  Curves  at  400°F,  Unnotched  8-1-1  Titanium,  R  =  Constant 
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CYCLES  TO  FAILURE 

Figure  173.  Effects  of  Prior  Soak  on  S-N  Curves  at  650°  F,  Unnotched  8-1-1  Titanium,  R  =  Constant 
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CYCLES  TO  FAILURE 

Figure  174 .  Effects  of  Prior  Soak  on  5-N  Curves  at  65(f  F,  Unnotched  8-1-1  Titanium,  R  =  Constant 
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CYCLES  TO  FAILURE 

Effects  of  Prior  Soak  on  S-N  Curves  at  Room  Temperature,  Fusion-Welded  8-1-1  Titanium,  R  =  Constant 
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CYCLES  TO  FAILURE 

Figure  176.  Effects  of  Prior  Soak  on  S-N  Curves  at  Room  Temperature,  Fusion-Welded  8-1-1  Titanium,  R  =  Constant 
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CYCLES  TO  FAILURE 

Effects  of  Prior  Sook  on  S-N  Curves  at  400°?,  Fusion-Welded  8-1-1  Titanium,  R  =  Constant 
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Figure  179.  Effects  of  Prior  Soak  on  S-N  Curves  at  650°F,  Fusion-Welded  8-1-1  Titanium,  R  Constant 
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CYCLES  TO  FAILURE 

Figure  180.  Effects  of  Prior  Soak  on  S-N  Curves  at  650OF,  Fusion  Welded  8-1-1  Titanium,  R  =  Constant 
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CYCLES  TO  FAILURE 

Figure  181 .  Effects  of  Prior  Soak  on  S-N  Curves  at  Room  Temperature,  Center-Notched  PH  14  -  8Mo,  R  =  Constant 
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Figure  182.  Effects  of  Prior  Soak  on  S-N  Curves  at  Uoom  Temperature,  Center-Notched  PH  14  -  8M0,  R  =  Constant 
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Figure  183.  Effects  of  Prior  Soak  on  S-N  Curves  at  400°F,  Center-Notched  PHl4-8Mo,  R  =  Constant 
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CYCLES  TO  FAILURE 

Effects  of  Prior  Soak  on  S-N  Curves  at  650°F,  Center- Notched  PHl4-8Mo,  R  =  Constant 
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CYCLES  TO  FAILURE 

Figure  187.  Effects  of  Prior  Soak  on  S-N  Curves  at  Room  Temperature,  Unnotched  PHH-8M0, 


*r  V- 


!s>)XDUJ  i 


266 


CYCLES  TO  FAILURE 

Figure  188.  Effects  of  Prior  Soak  on  S-N  Curves  at  Room  Temperature,  Unnotched  PHl4-8Mo,  R  =  Constant 
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CYCLES  TO  FAILURE 

Figure  189.  Effects  of  Prior  Soak  on  S-N  Curves  at  400°F/  Unnotched  PH14-8Mo,  R  =  Constant 
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CYCLES  TO  FAILURE 

Figure  190.  Effects  of  Prior  Soak  on  S-N  Curves  at  400°F,  Unnotched  PHl4-8Mo,  R  =  Constant 
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CYCLES  TO  FAILURE 

Figure  191 .  Effects  of  Prior  Soak  on  S-N  Curves  at  650°F,  Unnotched  PH14-8  Mo,  R  =  Constant 
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CYCLES  TO  FAILURE 

Figure  192.  Effects  of  Prior  Soak  on  S-N  Curves  at  650°F,  Unnofched  PHl4-8Mo,  R  =  Constant 
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CYCLES  TO  FAILURE 

Figure  193.  Effects  of  Prior  Soak  on  S-N  Curves  at  Room  Temperature,  Fusion-Welded  F'H14-8Mo,  R  =  Constant 


4B&- 


s 


£ 

3 

D) 


272 


CYCLES  TO  FAILURE 

Effects  of  Prior  Soak  on  S-N  Curves  at  Room  Temperature,  Fusion-Welded  PHl4-8Mo,  R  =  Constant 
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CYCLES  TO  FAILURE 

Figure  195.  Effects  cf  Prior  Soak  on  S-N  Curves  at  400°F,  Fusion-Welded  PHl4-8Mo,  R  =  Constant 


Basin  •  I  IF  imm ESK4@£»SS5S®« 

!giggSigeiSiiglgiS?.!§iif'frSgs^^a|aB8H 


H7  Jl 

■_  |  r 


CYCLES  TO  FAILURE 

Figure  196.  Effects  of  Prior  Sook  on  S-N  Curves  at  400°F,  Fusion-Welded  PHl4-8Mo,  R  =  Constant 
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CYCLES  TO  FAILURE 

Figure  197.  Effects  of  Prior  Soak  on  S-N  Curves  at  650° F,  Fusion- Welded  PHl4-8Mo,  R  =  Constant 
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CYCLES  TO  FAILURE 

Figure  198.  Effects  of  Prior  Sock  on  S-N  Curves  of  650°F,  Fusion-Welded  PH14-8MO,  R  -  Consent 
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Figure  199.  Effects  of  Prior  Soak  on  S-N  Curves  at  Room  Temperature,  Center-Notched  [NCO  718,  R  Constant 
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CYCLES  TO  FAILURE 

Figure  200.  Effects  of  Prior  Soak  on  S-N  Curves  at  Room  Temperature,  Center- Note  bed  INCO  718,  R  =  Constant 
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CYCLES  TO  FAILURE 

Figure  201.  Effects  of  Prior  Sock  on  S-N  Curves  at  400°F,  Center-Notched  INCO  718,  R  =  Constant 
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CYCLES  TO  FAILURE 

pjgure  202.  Effects  of  Prior  So*  on  S-N  Corves  of  400»F,  Center-Notched  INCO  7,8.  ■  -  Cons, on. 
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CYCLES  TO  FAILURE 

Figure  203.  Effects  of  Prior  Soak  on  S-N  Curves  at  650  F,  Center-Notched  INCO  718, 
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CYCLES  TO  FAILURE 

Figure  204.  Ejects  of  Prior  Soak  on  S-N  Curves  at  650°F,  Center-Notched  INCO  718.  R  =  Constant 
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Figure  205.  Effects  of  Prior  Soak  on  S-N  Curves  at 


o 

o 


o 

oo 


o 

o 


o 

CN 

XDW 

!S>I  i 


O 

00 


s  § 


2B)| 


CYCLES  TO  FAILURE 

Figure  206.  Effects  of  Prior  Soak  on  S-N  Curves  at  Room  Temperature,  Unnotched  INCO  718,  R  =  Constant 
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CYCLES  TO  FAILURE 

Figure  207.  Effects  of  Prior  Soak  on  S-N  Curves  at  400°F,  Unnotched  INCO  718,  R  =  Constant 
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CYCLES  TO  FAILURE 

Figure  208.  Effects  of  Prior  Soak  on  S-N  Curves  at  400°F,  Unnotched  INCO  718,  R  =  Constant 


Figure  209.  Effects  of  Prior  Soak  on  S-N 
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CYCLES  TO  FAILURE 

Figure  210.  Effects  of  Prior  Soak  on  S-N  Curves  at  650°F,  Unnotched  INCO  718,  R  =  Constant 
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CYCLES  TO  FAILURE 

Figure  211.  Effects  of  Prior  Soak  on  S-N  Curves  at  Room  Temperature,  Fusion-Welded  INCO  718,  R  =  Constant 
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CYCLES  TO  FAILURE 

Effects  of  Prior  Sook  on  S-N  Curves  at  Room  Temperature,  Fusion -Welded  INCO  718,  R  =  Constant 
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Figure  213.  Effects  of  Prior  Soak  on  S-N  Curves  at  400°F,  Fusion-Welded  INCO  718, 
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Figure  214.  Effects  of  Prior  Sock  on  S-N  Curves  at  400  F,  Fusion- Welded  INCO  718, 
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CYCLES  TO  FAILURE 

Effects  of  Prior  Soak  on  S-N  Curves  at  650°F,  Fusion-Welded  INCO  713,  R  =  Constant 
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CYCLES  TO  FAILURE 

Effects  of  Prior  Soak  on  S-N  Curves  at  650°F,  Fusion-Welded  INCO  718,  R  =  Constant 


APPENDIX  VII 


COMPARATIVE  S-N  Cuk'v£»3 


CONSTANT  MEAN  STRESS 


Volume  II  of  the  report  presents  S-N  diagrams  derived  from  sets  of  S-N 
curves  for  cons  bant  values  of  R  which  wex-e  drawn  to  represent  the  S-N  data 
obtained  in  the  basic  constant  load  amplitude  fatigue  test  program.  These  S-N 
diagrams  have  been  used  to  define  S-N  curves  J’or  a  constant  mean  stress  of 
2cj , 000  psi for  0-1-1  duplex-annealed  titanium  specimens  and  40, 000  psi  for 
specimens  of  PHlU-OMo  (SRH  1050 )  steel  and  Inco  71O  cold  rolled  20  percent 
and  aged.  The  S-N  curves  for  constant  mean  stresses  are  more  directly  useful 
In  '".any  airframe  design  situations  than  the  constant  R  curves. 

The  constant  mean  stress  curves  have  been  grouped  by  specimen  material, 
geometry  und  test  temperature  and  these  groupings  are  presented  In  tills 
Appendix.  These  groupings  provide  the  basis  for  the  more  condensed  repre¬ 
sentation  oT  the  data  presented  in  the  body  of  the  report  under  Pliaso  I.  The 
locution  oi’  those  groupings  is  given  in  Table  3Y  • 
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TABLE  37  LOCATION  OF  COMPARATIVE  S-N  CURVES  -  CONSTANT  MEAN  STRESS 
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CYCLES  TO  FAILURE 

Effects  of  Prior  Sook  on  S-N  Curves  at  650°F,  Center-Notched  8-1-1  Titanium,  =  Constant 
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Figure  222.  Effects  of  Prior  Sock  on  S-N  Curves  at  650°F,  Unnotched  8-1-1  Titanium,  ^mean  Constant 
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Figure  223.  Effects  of  Prior  Soak  on  S-N  Curves  at  Room  Temperature,  Fusion-Welded  8-1-1  Titanium, 
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CYCLES  TO  FAILURE 

Effects  of  Prior  Soak  on  S-N  Curves  at  650°F,  Fusion-Welded  8-1-1  Titanium,  =  Constant 
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CYCLES  TO  FAILURE 

Figure  226.  Effects  of  Prior-Soak  on  S-N  Curves  at  Room  Temperature,  Center-Notched  PHl4-8Mo,  = 
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CYCLES  TO  FAILURE 

Figure  227.  Effects  of  Prior  Soak  on  S-N  Curves  at  400°F,  Center-Notched  PHl4-8Mo,  ^mean~  Constant 
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Figure  228.  Effects  of  Prior  Soak  on  S-N  Curves  at  650°F,  Center- Notched  PH14-8Mo, 
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CYCLES  TO  FAILURE 

Figure  230.  Effects  of  Prior  Soak  on  S-N  Curves  at  400°F,  Unnotched  PH14-3Mo,  fmean  = 
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Figure  231 .  Effect?  of  Prior  Soak  on  S-N  Curves  at  650°F,  Unnotched  PH14-8Mo, 
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CYCLES  TO  FAILURE 

Figure  232.  Effects  of  Prior  Soak  on  S-N  Curves  of  Room  Temperature,  Fusion-Welded  PH14-8Mo, 


K 

O 


•O 

O 


“b 

r— • 


% 

r— 


314 


CYCLES  TO  FAILURE 

Figure  234.  Effects  of  Prior  Soak  on  S-N  Curves  at  650°F,  Fusion-Welded  PHl4-8Mo, 
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Figure  236.  Effects  of  Prior  Soak  on  S-U  Curves  at  400°F,  Center- Notched  INCO  718, _*mean  Constant 
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Figure  237.  Effects  of  Prior  Soak  on  S-N  Curves  at  65G°F,  Center- Notched  INCO  718,  f^  =  Constant 
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CYCLES  TO  FAILURE 

Figure  239.  Effects  of  Prior  Sock  on  S-N  Curves  at  400°F,  Unnotched  INCO  71 8,  f  =  Constant 
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CYCLES  TO  FAILURE 

Figure  240.  Effects  of  P*ior  Soak  on  S-N  Curves  at  650  F ,  Unnotched  !NCO  718, 
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CYCLES  TO  FAILURE 

Figure  242.  Effects  of  Prior  Soak  on  S-N  Cuives  at  400%  Fusion-Welded  INCO  718,  frneanss  Constant 
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Figure  243.  Effects  of  Prior  Soak  on  S-N  Curves  at  65Q°F,  Fusion-Welded  INCO  718,  f^^  Constant 


APPENDIX  VIII 


METALLOGRAPHIC  EXAMINATION  OF  TEST  SPECIMENS 


< 


After  testing,  eleven  center-notched  and  fuBian-welded  specimens  were 
selected,  sectioned  and  examined  metallographically .  These  specimens  were 
selected  by  using  the  results  of  S-N  tests  conducted  with  and  without  con¬ 
taminants  as  a  guide.  They  had  been  subjected  to  the  longest  exposure  periods, 
the  most  severe  fatigue  test  conditions,  or  the  most  adverse  combination  of 
specimen  configuration,  exposure  and  test  condition.  In  addition,  one 
unexposed  and  untested  fusion-welded  specimen  of  each  material  was  sectioned' 
and  examined.  The  latter  specimens  provided  a  basis  for  judging  the  effects 
of  exposure  and  test  conditions  on  the  metallographl c  structure  of  duplex 
annealed  fl-1-1  titanium,  PKl4-0Mo  (SRH  1050)  stainless  steel  and  Inco  718 
nickel  alloy  in  the  20  percent  cold  rolled  and  aged  at  1275°F  condition. 

The  specimens  were  sectioned  and  examined  at  20X  and  200X  for  evidence  of 
subsurface  attack,  cracking  und  similar  defects.  These  sections  were  token 
parallel  to  tic  uxis  of  the  specimen  through  the  weldments,  notches  and 
fracture  surfaces.  Examination  of  the  metallographic  structures  shows  no 
evidence  of  surface  corrosion,  intergranular  attack  or  sub-surface  cracking. 

The  results  of  visual  examinations  are  given  along  with  the  specimen 
identification  and  prior  history  in  Table  38-  PhotomncrographB  and  photo¬ 
micrographs  of  sections  of  the  specimens  are  presented  in  Figures  2.44  to  257. 
The  chemicals  used  to  etch  the  specimens  for  microscopic  examinations  were: 


Alloy 

0-1-1  Titanium 
PHlU-OMo  Steel 


Inco  7 t0 


Etchant 

2$  HF  -  8 $  HN03  -  90$  H20 

10$  Ammonium  Persulfate , 
Electrolytic 

7$  Chronic  Acid,  Electrolytic 
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38  VISUAL  EX.-MIH.VnPS  OF  TRST  SFECIM2K5  A3?  2CX  MAGNIFICA3?I0H 

(1  of  2) 
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*  All  fusion-welded  specimens  were  planished 
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*  Fusion-welded  specimens  were  p! 


m  wt  ■  w. 


BASE  METAL  (200X) 


SPECIMEN  NO.  47? 

EXPOSED  AT  25  ksl  AND  550°F  FOR 
1000  HR.  TO  MIL-0-7277  OIL  IN 
DUPLEX-ANNEALED  CONDITION 
FATIGUE  TESTED  WITH  MIL-0-7277  OIL  AT  650°F 


Figure  244,  Metaliographic  Structures  of  8-1-1  Titanium, 
Exposed  to  MIL-0-7277  Oil. 
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BASE  METAL  (20X) 


BASE  METAL  (200X) 


SPECIMEN  NO.  404 

EXPOSED  AT  25  kil  AND  650°F  FOR 

5000  HR.  IN  THE  DUPLEX- ANNEALED  CONDITION 

FATIGUE  TESTED  AT  650°F 


Figure  245.  Metal lographic  Structure  of  8-1-1  Titanium,  Exposed 
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WELD  METAL,  HEAT  AFFECTED  ZONE  AND  BASE  METAL  (20X) 


WELD  METAL  (200X) 


SPECIMEN  NO.  655 

WELDED  IN  THE  DUPLEX- ANNEALED  CONDITION 
NOT  EXPOSED 
NOT  TESTED 


Figure  246.  Metallographic  Structure  of  Fusion-Welded  8-1-1  Titanium 
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BASE  METAL,  HEAT  AFFECTED  ZONE  AND  WELD  METAL  (20X) 


HEAT  AFFECTED  ZONE  AND  BASE  METAL  (200X) 


WELD  METAL  (200X) 


SPECIMEN  NO.  308 

WELDED  IN  THE  DUPLEX-ANNEALED  CONDITION 
EXPOSED  AT  40  ksi  AND  550°F 
FOR  1000  HR.  TO  SALT  WATER 
FATIGUF  TESTED  WITH  SALT  WATER  AT  650°F 


Figure  247.  Metallographic  Structure  of  Fusion-Welded  8-1-1 
Titanium,  Exposed  to  Salt  Water 
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WELD  METAL,  HEAT  AFFECTED  ZONE  AND  BASE  METAL  (20X) 


HEAT  AFFECTED  ZONE  AND  BASE  METAL  (200X) 


WELD  METAL  (200X) 


SPECIMEN  NO.  527 

WELDED  IN  DUPLEX- ANNEALED  CONDITION 
EXPOSED  AT  25  ksl  AND  650°F  FOR  5000  HR. 
FATIGUE  TESTED  AT  650°F 


Figure  248,  Metal  lographic  Structure  of  Fusion -Welded  8-1-1  Titanium,  Exposed 
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BASE  METAL  (20X) 


BASE  METAL  (200X) 


BASE  METAL  (200X) 


SPECIMEN  NO.  577 

EXPOSED  AT  40  ksi  AND  550°F  FOR 

1000  HR.  TO  MIL-0-72 77  OIL  IN  SRH  1050 

CONDITION 

FATIGUE  TESTED  WITH  MIL-0-7277  OIL  AT  650°F 


Figure  249.  Metallographic  Structures  of  PH14-8  Mo 
Exposed  to  MIL-0-7277  0-1 
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BASE  METAL  (20X) 


BASE  METAL  (200X) 


BASE  METAL  (200X) 


SPECIMEN  NO.  524 
EXPOSED  AT  40  ksl  AND  650°F 
FOR  5000  HR.  INSRH  1050CONDITION 
FATIGUE  TESTED  AT  650°F 


Figure  250.  Mefall  ©graphic  Structure  of  PH14-8  Mo,  Exposed 


WELD  METAL,  HEAT  AFFECTEt?;  ZONE  AND  EASE  METAL  (20X) 


WELD  METAL,  HEAT  AFFECTED  ZONE  AND  BASE  METAL  (200X) 


BASE  METAL 


(2C0X) 


SPECIMEN  NO.  503 

WELDED  IN  ANNEALED  CONDITION  AND 
HEAT  TREATED  TO  THE  SRH  1050CONDITION 
NOT  EXPOSED 
NOT  TESTED 


Figure  251.  Metallogrophic  Structure  of  Fusion-Welded  PH14-8  Mo 


335 


WELD  METAL,  HEAT  AFFECTED  ZONE  AND  BASE  METAL  (20X) 


HEAT  AFFECTED  ZONE 


(200X) 


WELD  METAL,  HEAT  AFFECTED  ZONE  AND  BASE  METAL  (200X) 


SPECIMENT  NO.  570 
WELDED  IN  ANNEALED  CONDITION 
EXPOSED  AT  40  ksi  AND  650WF  FOR 
5000  HR.  IN  SRH1050  CONDITION 
FATIGUE  TESTED  AT  650°F 


Figure  252.  Metallogrophie  Structure  of  Fusion-Welded  PH14-8  Mo,  Exposed 
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BASE  METAL  (20X) 


SPECIMEN  NO.  707 

EXPOSED  AT  40  ksi  AND  550°F  FOR 

1000  HR.  TO  MIL-0-72 77  OIL  IN  THE 

20%  COLD  ROLLED  AND  AGED  AT  1275°F  CONDITION. 

FATIGUE  TESTED  WITH  MIL-0-72 77  OIL  AT  650°F 


Figure  253.  Metal lographic  Structure  of  INCO  718, 
Exposed  to  MIL-0-72 77  Oil 
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BASE  METAL  (200X) 


SPECIMEN  NO.  498 
EXPOSED  AT  40  ksl  AND  650°F  FOR 
5000  HR.  IN  THE  20%  COLD  ROLLED  AND 
AGED  AT  1275°F  CONDITION 
FATIGUE  TESTED  AT  650°F 


Figure  254.  Metallographic  Structure  of  INCO  718,  Exposed 
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WELD  METAL.  HEAT  AFFECTED  ZONE  AND  BASE  METAL  (20X) 


WELD  METAL  (200X) 


um  m  '  ■  f  jr'.*  *'./  *=■ 

WELD  METAL. HEAT  AFFECTED  ZONE  AND  BASE  METAL  (200X) 


SPECIMEN  NO.  653 

WELDED  IN  THE  20%  COLD  ROLLED  AND 
AGED  AT  1 275°F  CONDITION 
NOT  EXPOSED 
NOT  TESTED 


Figure  255.  Metal lographie  Structure  of  Fusion-Welded  INCO  718 


WELD  METAL,  HEAT  AFFECTED  ZONE  AND  BASE  METAL  (20X) 


WELD  METAL  (200X) 


WELD  METAL,  HEAT  AFFECTED  ZONE  AND  BASE  METAL  (200X) 


SPECIMEN  NO.  614 

WELDED  IN  20%  COLD  ROLLED  AND  AGED 
AT  1275°F  CONDITION. 

EXPOSED  AT  40  ksi  AND  550°F  FOR 

1000  HR.  TO  VERSILUBE  F-50 

FATIGUE  TESTED  WITH  VERSILUBE  F-50  AT  650°F 

Figure  256,  Metal lographic  Structure  of  Fusion-Welded  INCO  718, 
Exposed  to  Versilube  F-50 
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WELD  METAL,  HEAT  AFFECTED  ZONE  AND  BASE  METAL  (20X) 


WELD  METAL  (200X) 


WELD  METAL,  HEAT  AFFECTED  ZONE,  AND  BASE  METAL  (200X) 


SPECIMEN  NO.  267 

WELDED  IN  THE  20%  COLD  ROLLED  AND 
AGED  AT  1275°F  CONDITION 
EXPOSED  AT  40  KSI  AND  650°F  FOR  5000  HR. 
FATIGUE  TESTED  AT  650°F 


Figure  257.  Metaliographic  Structure  of  INCO  718,  Exposed 
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APPENDIX  IX 


CALCULATED  TEST  LIVES  FOR  STECTRA  C  LOADINGS 


The  method  of  linear  cumulative  fatigue  damage  was  used  to  calculate  the 
test  life  for  center-notched  coupons  under  Spectra  C  Loadings. 

For  each  combination  of  flight  loadings  a  net  tc  c  t  c  y  tVis  appro¬ 

priate  S-N  curve  was  derived  from  the  applicable  S-N  diagram  for  no  prior 
exposure.  The  S-N  diagrams  for  650°F  were  used  for  the  test  loadings  applied 
at  550° F  since  the  S-N  data  for  1+00°  and  650°F  are  comparable .  Each  of  the 
derived  S-N  curves  was  based  on  a  constant  maximum  or  mean  BtreBs  level.  For 
example,  the  peak  (compressive)  taxi  load  levels  consisted  of  the  mean  taxi 
stress  level  and  the  negative  half  of  the  taxi  loading  cycles.  These  peak 
taxi  loadings  wero  always  applied  in  terms  of  stress  excursions  below  the  moan 
stress  level  for  the  descent  phase  of  flight.  For  thiE  reason,  the  S-N  curves 
derived  for  the  taxi  loadings  were  based  on  a  constant  maximum  stress  level 
that  was  equal  to  the  mean  stress  level  for  the  descent  phase  of  flight.  The 
S-N  cui’ves  derived  for  the  climb,  cruise,  descent  and  the  ground-to-air 
transition  cycles  between  the  flight  and  ground  loadings  were  based  on  a 
constant,  mean  stress. 

The  ground-to-uir  transition  cycle  is  automatically  introduced  into  the 
test  loadings  by  the  flight-by-flight  loading  sequence.  To  indicate  fatigue 
danuiges,  however,  required  a  definition  of  the  transition  cycle  in  terms  of  a 
stress  range.  Three  methods  were  used  to  define  the  transition  cycle  with 
each  method  leading  to  a  different  value  of  calculated  test  life.  In  the 
first  method,  the  maximum  change  in  mean  load  level  which  occuru  between  the 
cruise  ana  taxi  phases  of  flight,  as  diagramed  in  Table  39  ,  was  employed  to 
define  a  mean-to-mean  transition  cycle.  Tills  definition  led  po  the  least 
conservative  predictions  in  Table  39- 

The  next  method  used  the  more  severe  definition  of  the  maximum  stress 
range  which  occurs  during  the  flights  which  do  not  have  additional  loadings 
to  represent  increase  of  seventy  with  time.  This  cycle  extends,  in  terms  of 
the  actual  loads  applied  during  testing,  from  the  maximum  tensile  stress 
during  cruise  to  the  peak  compressive  stress  for  taxi  loadings,  as  illustrated 
in  Table  39.  Use  of  this  single  flight  peak  transition  cycle  led  to  shorter 
predicted  lives  than  those  obtained  by  using  the  mean-to-mean  transition  cycle. 

In  the  third  method,  a  spectrum  of  transition  cycles  was  used.  The 
spectrum  of  transition  cycles  considers  the  growth  in  loading  magnitudes 
felt  by  the  specimens  with  test  time  caused  by  the  less  than  once  per  flight 
loading  magnitudes.  These  infrequent  loadings  were  applied  at  periodic 
intervals  during  testing  of  100,  500,  1000,  10,000,  20,000,  40,000  and 
80,000  flights.  The  use  of  larger  loadings  in  the  spectrum  of  transition 
cycles  produced  calculated  lives  that  were  slightly  less  than  those  calculated 


for  the  single  flight  peak  transition  cycle  as  shown  in  Table  39-  The  small 
differences  in  calculated  lives  for  these  two  definitions  of  transition  cycles 
may  be  applicable  only  to  the  loading  history  employed  in  this  test,  program 
and  could  possibly  be  much  larger  for  other  test  loading  histories; 


The  ratios  of  average  test  lives  to  predicted  lives  shown  in  Table  39 
indicate  that  moderately  good  predictions  of  test  life  are  provided  by  the 
more  severe  definitions  of  the  transition  cycle. 


While  the  use  of  either  the  single  flight  peak  or  the  spectrum  of  tran¬ 
sition  cycles  led  to  calculated  lives  that  approximated  the  test  results, 
extended  use  of  either  definition  for  calculating  fatigue  damages  should  be 


approached  with  caution.  In  a  recent  A3D  '.eporv* ,  the  use  of 
pecik  transition  cycle  led  to  calculated  lives  that  were  quite 


4-Un  ^  4  aT  A 

Uixtd  !-•  -L  l  .«»W 


unconservQ-i,ive . 


*  McCulloch,  A.  J.,  Melcon,  M.  A.,  Crichlow,  W.  J\,  Foster,  H.  W.,  and 
Rebman,  J.,  "Investigation  of  the  Representation  of  Aircraft  Service 
Loadings  in  Fatigue  Tests."  ASD-TR-6.1-435 ,  January  1962. 


SPECTRUM  OF  TRANSITION  CYCLES 


